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Abstract

This thesis summarizes an experimental study on the elastic-plastic material behavior of indus-

trial steel sheet materials. The overall objective is to deepen the understanding of materials

to provide the basis to improve material theories, for example for springback prediction. The

fundamental challenge is that the development of new materials is ongoing, and high forma-

bility combined with high strength is achieved through advanced microstructures and alloys.

As a result, the more complex composition of the microstructure of these materials leads to

elastic-plastic characteristics, which deviate signiőcantly from classical theories. Namely, these

characteristics are the onset of plastic yielding, elastic modulus, anelastic material behavior and

early re-yielding. The study focuses on the experimental investigation at both macroscopic and

microstructural levels. Therefore, a single-phase interstitial free low carbon steel and a high-

strength dual-phase steel were studied. The macroscopic material characterization is extended

by temperature-based determined parameters, which are extensively validated microstructurally.

An experimental setup is developed, which allows advanced in-situ synchrotron diffraction mea-

surements in cyclic tension tests and tension-compression tests. Macroscopic parameters such

as strain, load and specimen temperature are measured time-synchronously with microstructural

quantities such as lattice strains, dislocation densities or speciőc phase stresses. In this way, it

was possible to introduce and validate a new temperature-based determination method for the

onset of yielding and the elastic loading modulus, which is based on the thermoelasic effect.

Still, strain-dependent elastic behavior and re-yielding after load change represent major chal-

lenges for modeling, especially for high-strength dual-phase steels. Therefore, anelastic material

behavior and early re-yielding, i.e. the Bauschinger effect, were investigated microstructurally

and correlated with the macroscopic material behavior. With the experimental approach, it was

possible to conőrm existing assumptions and to őnd plausible explanations. Both dislocation

movement and microstructural inhomogeneities were found to be the main drivers for anelastic

behavior and the early re-yielding. By separately evaluating the deformation behavior of ferrite

and martensite phases of the dual-phase steel, it was possible to conőrm that the interaction

between the soft and hard phase is mainly responsible for the speciőc behavior of this mate-

rial. Finally, the potential of the őndings and newly introduced parameters is demonstrated by

calibrating a hardening model and evaluating a one-element test.
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1 Introduction

You can have different opinions about Elon Musk, but he has managed to break up the highly

segregated car market and build his own car. And he did so with little initial knowledge of

cars. Furthermore, founding a startup and successfully entering the car market was considered

unrealistic at that time. In an interview about his őrst principles, he said: "I tend to approach

things from a physics framework. Physics teaches you to reason from őrst principles rather

than by analogy" (Clear, 2022). Musk probably means that problems should be reduced to

their physical principles and caution should be taken when using comparison models. Why this

approach őts so well to the idea behind this thesis will be explained in the following.

Numerical simulation has long replaced the historical trial and error approach to a large extent

in the őeld of sheet metal forming (Tekkaya, 2000). Development and production times could

be signiőcantly reduced as a result (Hattalli and Srivatsa, 2018), and this is the only way to

keep pace with the increasing demands on products. For example, material behavior must be

transferred to models in order to virtually predict springback in forming processes as accurately

as possible. In modeling, there are various approaches to do this. In Volk et al. (2019), models

were analyzed and classiőed by their physical interpretation and were divided into theoretical

(white) or empirical (black) and further in mathematical-physical, heuristic, phenomenological

or statistical ones. Thereby, the theoretical, i.e. mathematical-physical models are based on

valid physical relationships and thus correspond to Musk’s approach. A so-called white model

approach that has been known for a very long time and is fundamental for forming technology

is the stress-strain curve. Mathematical equations describe the behavior of a material under

uniaxial load, so a physical relationship. Its history or rather its exploration goes back several

hundred years and is in relation with some big names in the őeld of mathematics and mechanics

like Leonardo da Vinci, Galileo Galilei and Robert Hooke (Yu, 2018). However, experimental

technology has changed tremendously since then and it has long been known that original

assumptions such as Hooke’s linear-elastic relation (Hooke, 1676) can now only be seen as a

strong simpliőcation. Signiőcantly more accurate modeling of the material behavior is necessary

to meet the accuracy requirements of today’s simulations. And still, especially in the industrial

environment, parameters based on the stress-strain curve, such as the Young’s modulus, the

onset of yielding and the tensile strength, are used according to their determination speciőed in

standards, i.e. the German standard DIN EN ISO 6892-1. However, some of these are surrogate

models, such as the equivalent yield strength at 0.2 % plastic strain, which have no physical



2 1 Introduction

basis. Also, the determination methods are often strongly dependent on arbitrarily selected

boundary conditions and therefore not robust. In general, it has been known in science for a

long time that, in contrast to the historical linear-elastic approach of Hooke, elastic material

behavior is dependent on the plastic deformation state (Morestin and Boivin, 1996). Especially

for high-strength multi-phase steels, which are coming more and more on the market due to

their excellent strength-to-weight ratio, the elastic behavior deviates strongly from the original

assumptions (Z. Chen, Gandhi, et al., 2016). The classical parameters of the stress-strain curve

are no longer able to predict this complex material behavior with sufficient accuracy in the

simulation. For example, plastic strain-dependent elastic unloading leads to major problems in

accurately predicting the springback, which is crucial for the design of new components and

their tools (Wagoner et al., 2013). For this reason, in the research of forming technology, micro-

plasticity models (Yoshida and Amaishi, 2020) or topics like anelasticity and early re-yielding

(D. Li and Wagoner, 2021) are getting more attention and need to be further investigated. A

large number of scientiőc studies deal with the addressed topics and found explanations are

based on microstructural behavior (Cleveland and Ghosh, 2002). Therefore, according to the

mathematical-physical approach, a purely macroscopic investigation of the stress-strain behavior,

respectively the elastic-plastic material behavior is no longer sufficient to analyze and understand

the physical background of the material behavior.

These challenges, in summary the determination of the onset of plastic yielding and initial

elastic modulus as well as the anelasticity and early re-yielding are investigated on their physical

framework with this thesis. For this purpose, the addressed challenges are investigated by means

of in-situ diffraction experiments and can thus be analyzed microstructurally. In-depth material

understanding at a micro level is gained, new determination methods are derived and validated,

and existing assumptions are experimentally reviewed by correlating the microscopic with the

macroscopic behavior. The results of this work in the őeld of micro material characterization

improve the elastic-plastic understanding of sheet metal materials, as well as qualify new exper-

imental methods for the characterization of it. Industrial sheet metal materials are used within

this work to keep the beneőt for industry high. In the end, a basis is created for extending

or improving so-called white models, i.e. mathematical-physical models with regard to the

modeling of elastic-plastic material behavior.



2 Fundamentals

In this chapter, the fundamentals of the scientiőc topic under discussion and the state of the art

in its investigation are presented. The material theory on the elastic-plastic behavior of steel

sheet materials has a long history and nowadays the determination of material parameters is

largely deőned in standards. However, it has been shown that given models can only partially

reproduce the actual material behavior. This imprecise reproduction of the material behavior has

an impact on the prediction of springback for example. Section 2.1 summarizes the principles

of material theories concerning the elastic-plastic characteristics of steels and introduces a clear

terminology. In Section 2.2, the material theories are reviewed for their validity in materials

science, and deviations from classical theories are pointed out. The precise description of elastic-

plastic material behavior has major implications, especially for the prediction of springback.

It is one of the most important application examples for the material investigations in this

thesis. For this reason, springback in the őeld of sheet metal forming is brieŕy presented in

Section 2.3. Thereafter, the current state of the art for the research of the individual elastic-plastic

characteristics is summarized. Temperature measurement and temperature behavior under load,

i.e. the thermoelastic effect, are of particular importance in this work. This effect will be dealt

with separately and in detail. After this macroscopic summary of the research topic addressed,

the microstructure of metallic materials will be discussed due to the objective of this work’s

correlation of micro with macro material behavior. On the one hand, the composition and

behavior of the microstructure under load will be presented. On the other hand, in-situ, non-

destructive analysis methods are discussed, which allow the investigation of the microstructural

behavior of steel sheet materials.

2.1 Principles of Material Theory

The basis for the material-theoretical description of the elastic-plastic material behavior is the

additive decomposition of the strain into an elastic and a plastic part. This can be shown in

principle by the multiplicative decomposition of the deformation gradient F into an elastic

Fel and a plastic part Fpl (Equation 2.1). For this purpose, an intermediate conőguration I


is introduced between the reference conőguration 0
 and the current conőguration . This
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relationship is graphically illustrated in Figure 2.1. (Haupt, 2002)

𝑭 = 𝑭 el ⋅ 𝑭 pl (2.1)

F

Fel

Fpl

0

I

Figure 2.1: Conőgurations in elastic-plastic formulation.

The true strain 𝜀 deőned in this work is the logarithmic strain or Hencky strain, which reŕects

the differential change in length to a given length. For the uniaxial case it is

𝜀 = 𝑙𝑛
𝑙

𝑙0
, (2.2)

with the current length 𝑙 and the initial length 𝑙0 (Hencky, 1928). According to Vitzthum

et al. (2018) and based on Hencky (1924), this strain measure is suitable for describing the

deformation, because the additive decomposition of the elastic strain 𝜀el and the plastic strain

𝜀pl is permissible and can be written as

𝜀 = 𝜀pl + 𝜀el . (2.3)

Furthermore, it is valid that strains of this strain measure can be accumulated to a total strain. It

is therefore equal to the sum of the strains of the individual forming steps (Hencky, 1929).

The true stress 𝜎, or Cauchy stress, is the ratio of the load 𝐹 to the current cross-section area 𝐴

and is deőned as follows for a uniaxial stress state

𝜎 =
𝐹

𝐴
. (2.4)
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The current cross-sectional area in turn is calculated on the basis of the volume constancy

assumption and was determined for the results of this thesis with

𝐴 =
𝐴0𝑙0

𝑙0 + Δ𝑙
, (2.5)

with the initial cross-section area𝐴0, the initial gauge length 𝑙0 and the change in lengthΔ𝑙 (Hill,

1950). The Cauchy stress is work conjugated for the logarithmic strain measure and accordingly

suitable to use in combination with it (Lehmann et al., 1991).

Commonly, the stress is set in relation to the occurring strain in form of a stress-strain diagram

(Banabic and Pöhlandt, 2000). The stress-strain diagram shows the behavior of materials under

uniaxial tensile or compressive loading. It can be divided into different sections. These are

the elastic loading, the elastic-plastic deformation and the elastic unloading, or in case, the

compressive loading. Figure 2.2 shows an true stress versus true strain curve schematically.

The mentioned sections and the basic characteristic values in the stress-strain relationship are

marked. These are brieŕy explained in the following.

True strain [-]

Initial Young's modulus

Elastic loading

Elastic-plastic deformation

Elastic unloading
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Total true strain ε
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Figure 2.2: Schematic true stress versus true strain curve. The sections in dependence on the

load condition and the basic characteristic values are marked.

Hooke’s linear-elastic assumption goes back to the 17th century and describes a purely elastic

change in shape at the beginning of the loading (Hooke, 1676). This means that the deformation

is reversible and the component returns to its original state after the external load is removed.

No deformation work is dissipated. With Hooke’s law, the elastic strain 𝜀el can be calculated

based on the Cauchy stress 𝜎 and Young’s modulus 𝐸 for the uniaxial case, assuming ideal
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linear-elastic behavior (Siegert, 2015). It is deőned as

𝜀el =
𝜎

𝐸
. (2.6)

Thereby, the initial Young’s modulus 𝐸 is a material-theoretical description of the proportional

stress-strain relation during purely elastic deformation and thus the elastic stiffness of the material

(Hooke, 1676).

From a certain point, the onset of plastic yielding, deformation work is dissipated, the material

behaves nonlinearly, plastically and cannot return to its original geometry after the load is

removed (D. Li and Wagoner, 2021). With further elongation of the material, both elastic and

plastic strains are present under load. Hence, the total true strain includes both reversible and

irreversible deformation (see Figure 2.2). According to linear-elastic theory, during unloading,

the reversible elastic strain component springs back with the same slope as during initial elastic

loading. After complete unloading, the remaining plastic deformation reŕects the plastic true

strain. If the component is now compressed, nonlinear elastic-plastic deformation also occurs

in compression when the re-yielding limit is exceeded. This limit can be subject to a direction-

dependent change. This phenomenon is called the Bauschinger effect (Bauschinger, 1886).

Figure 2.2 also shows the case when the material is not unloaded but is tensioned uniaxially

until fracture. The maximum stress that occurs before necking, i.e. before the stress decreases,

is referred to as the tensile strength (TS) (Doege and Behrens, 2010). It should be noted here

that TS is calculated on the basis of the engineering stress and strain, i.e. in relation to its initial

cross-section and length, but the parameter has been included in Figure 2.2 for the purposes of

simplicity and completeness.

In summary, the terms true strain and true stress within this thesis always reŕect the intro-

duced strain and stress measures for the macroscopic material behavior in tensile or tension-

compression tests. This deőned terminology is important because microscopic stresses and

strains will also be introduced during this thesis. When referring to a true plastic strain, a

stress-free state is described, or the elastic part of the strain has been subtracted. In this thesis,

the generic term Young’s modulus represents the material-theoretical description of the elastic

stiffness of a material according to Hooke (1676). It is constant by deőnition. However, the real

material behavior may deviate from this. For this reason, the more general term elastic modulus

and, in addition, the terms elastic loading and unloading modulus are used in this thesis. The

necessity of the distinction between the moduli is explained in more detail in the following

Section 2.2.
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2.2 Deviations from Classical Theories

Detailed investigations of the stress-strain behavior have shown long ago that the material

behavior can deviate strongly from the ideal linear-elastic assumption according to Hooke

(Dalby, 1921). In addition, it was found that parameters based on the mechanically measured

stress-strain curve provide a better springback prediction than physically measured values,

such as the elastic modulus measured by ultrasonic (Pérez et al., 2005). For this reason, the

understanding and description of the actually occurring elastic-plastic behavior of metals in

uniaxial tensile and tension-compression tests became more and more the focus of science and

still are today.

Figure 2.3 shows the material behavior, possibly occurring in reality compared to the theoretical

assumed in Figure 2.2. These are the onset of plastic yielding and the initial Young’s modulus,

which cannot be determined unambiguously due to nonlinear elastic stress-strain behavior and

a steady transition from elastic to elastic-plastic deformation for many materials. Furthermore,

the elastic unloading curve often exhibits nonlinear behavior, which leads to a reduction of the

unloading modulus and complicates its determination. The initial Young’s modulus is therefore

not sufficient to describe elastic material behavior. For this reason, a distinction is made in this

work between an elastic loading modulus and an elastic unloading modulus. Both are strain-

dependent parameters and their determination methods are part of the research results in this

thesis. Another frequently discussed issue is early re-yielding, i.e. replasticizing after plastic

prestrain even before the load path changes into the compression range.
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Figure 2.3: Schematic stress-strain curve with possible material behavior in reality.
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2.3 Springback in Sheet Metal Forming

The deviations of the material behavior from existing approaches of material theory have an

effect in sheet metal forming, especially in the prediction of springback. Springback strongly

depends on the elastic-plastic behavior of the material. For this reason, this section brieŕy

discusses springback prediction and the state of the art in research before the individual material

characteristics are discussed in more detail. Current challenges in modeling the elastic-plastic

material behavior with industrial steel sheets are clariőed.

Springback describes the change in geometry after the removal of an external force. In case of a

deep drawing process, after opening the press, the sheet metal component changes its geometry

until internal residual stresses, which are induced by forming, are in equilibrium (Banabic, 2010).

Figure 2.4 shows a deep-drawn U-proőle virtually superimposed before and after springback. It

can be seen that in this case for a high-strength dual-phase steel, there is a large deviation of the

geometry due to springback. This deviation can lead to a geometry that is no longer within the

speciőed component tolerance, which is why springback is also seen as a failure mode in deep

drawing (Doege and Behrens, 2010).

Before springback

After springback

Figure 2.4: Experimental example of a deep-drawn U-proőle for the material DP1000 virtually

superimposed before and after springback.

There are two main approaches to control or compensate springback in literature, and a large

number of studies have been published on these topics over the past decades (P. Chen and Koç,

2007). On the one hand, the sheet tension can be increased (Baba and Tozawa, 1964) and, on

the other hand, the tool geometry can be adjusted so that the target geometry is achieved after

springback (Hartmann et al., 2021). The prerequisite for implementing the latter is a precise

prediction of the springback.

FE simulation is widely used as a tool for this prediction (Hou et al., 2017). S. Lee and Yang

(1998) showed in an early stage that FE simulation of springback is very sensitive to its settings
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and the material model used. The main simulation settings to be mentioned here, are the

integration approach (K. P. Li et al., 2002), the solver used, i.e. implicit/implicit (Guo et al.,

2002) or explicit/implicit (Papeleux and Ponthot, 2002), the meshing or element size (Banabic,

2010) and the element type (Xu et al., 2004). On the material model side, there are several factors

that can have great inŕuence on the numerical prediction of springback and many studies on these

can be found in literature (Wagoner et al., 2013). These include the yield strength (Z. T. Zhang

and D. Lee, 1995), the strain hardening behavior of the material (Geng and Wagoner, 2000), the

unloading behavior and the change in elastic behavior as a function of plastic strain (Yoshida

and Amaishi, 2020), plastic anisotropy (Verma and Haldar, 2007), the Bauschinger effect (Kubli

et al., 2008) and anelastic phenomena (Cleveland and Ghosh, 2002). These material-speciőc

inŕuencing factors are the subject of the research in this thesis. Their material science basis is

analyzed in order to examine the validity of material theory assumptions.

Recently, even more focus has been placed on springback research. This is related to the use

of advanced high-strength steels (AHSS), for example dual-phase steels (DP), which are very

suitable for lightweight structures due to their excellent weight-to-strength ratio (Wagoner et al.,

2013). The mechanical properties allow the use of thinner sheet thicknesses with maintaining

strength. But both, the high strength and thus large elastic range and lower sheet thickness, lead

to increased springback (Torkabadi, 2018). Furthermore, Wagner et al. (2021) showed for a large

number of industrially relevant steels that the material-related inŕuencing factors mentioned,

such as the decrease in elastic loading and unloading modulus with increasing plastic strain,

occur particularly strongly for high-strength DP steels. Thus, the determination of springback

based only on the stress state with constant, linear elasticity leads to large errors for this type of

material. Accurate modeling of the elastic and elastic-plastic material behavior and especially

of the unloading behavior, is necessary (Torkabadi, 2018). In the following, the addressed

elastic-plastic characteristics of industrial steels will be discussed in more detail.

2.4 Onset of Yielding and Elastic Loading Modulus

The relationship between the onset of yielding and the Young’s modulus becomes clear if one

takes a closer look at the deőnitions in the respective standards. For example, according to

ASTM International standard ASTM E 111-17, Young’s modulus is deőned as "the ratio of

tensile or compressive stress to corresponding strain below the proportional limit". Also the

German standard DIN EN ISO 6892-1 deőnes that Young’s modulus should be determined

between 10 % and 40 % of the equivalent yield strength. Hence, knowledge of the onset of

yielding is necessary. A closer look at the two determination methods according to the standard
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reveals that, more precisely, it is a mechanically determined loading modulus.

In theory, Young’s modulus is deőned as the ratio of stress to strain during purely elastic defor-

mation. In terms of material science, a distinction can be made between the moduli depending

on the determination method. Generally, they can be classiőed in mechanical and physical ones

(Münstermann, 2004). For metal materials, mechanical methods are the uniaxial tensile test

(DIN EN ISO 6892-1) and indentation test (Oliver and Pharr, 2004), while physical methods

are ultrasonic pulse-echo (Droney and Klinman, 1982) and resonance analyzes (Wolfenden and

Schwanz, 1995). Pérez et al. (2005) compared the results of the two physical methods with

the results of the mechanical tensile test and it was found that the latter are more suitable for

springback prediction of sheet materials. In the following, the mechanical determination in the

uniaxial tensile test will be discussed in more detail with regard to the scientiőc objectives of

this thesis. Sufficient test and measurement accuracy is a requirement for determining the onset

of yielding or Young’s modulus from the stress-strain curve of a tensile test. The requirements

are deőned in the standard and are not discussed in more detail here (DIN EN ISO 6892-1).

2.4.1 Determination of the Onset of Yielding

Approaches to better understand and describe plastic ŕow have existed for more than a century

(Bingham, 1916) and a wide variety of deőnitions of the onset of yielding can be found in

literature (Barnes, 1999). Furthermore, different determination methods can be found in liter-

ature. It should be noted that in this thesis only materials with steady elastic-plastic transition

are considered. A pronounced yield strength is not addressed. In Sallat (1988), several me-

chanical methods for determining the onset of yielding by stress-strain curves are explained and

examined. Figure 2.5 gives an overview of these approaches schematically. Namely, these are

an extrapolation approach, or also called Lode extrapolation, the proportional limit approach, or

equivalent yield strength, and an approach using high-precision temperature measurement.

In the extrapolation approach (Figure 2.5 (a)), a regression line is placed through the initial

elastic part of the curve and another through the area of linear hardening. The intersection of

these lines indicates the onset of yielding. Since the boundary conditions for both regression

lines are difficult to deőne and the point found lies outside of the actual curve, this determination

approach is not of great relevance (Sallat, 1988).
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Figure 2.5: Different methods for determining the yield stress, (a) extrapolation approach, (b)

equivalent yield stress or proportional limit and (c) temperature approach.

In the proportional limit approach, the point is searched from which the stress is no longer

proportional to the strain. It is therefore the deviation of the stress-strain curve from the

extended Hooke’s line (Figure 2.5 (b)). Consequently, exceeding the yield limit is necessary

to be able to determine this point. For many materials, this deviation is difficult to determine

due to a smooth transition to nonlinear elastic-plastic deformation. For this reason, the most

widely used approach for unambiguous parameter determination is the equivalent yield strength

at 0.2 % plastic strain. According to the German standard DIN EN ISO 6892-1, a straight line

with the initial slope is shifted backward by 0.2 % residual plastic strain compared to its initial

length and the intersection with the stress-strain curve reŕects the parameter. It is an equivalent

yield strength, since it does not represent the onset of plastic yielding but the state at 0.2 %

irreversible deformation (Siegert, 2015). For materials with a continuous change of slope even

before the onset of yielding, the determination of the regression line is often ambiguous and

depends on the experience of the user (Sallat, 1988).

Another method is the approach via high-precision temperature measurement (Figure 2.5 (c)).

Compared to the other approaches, this is not a material theory approach, but a material science

approach, since the physical material behavior is utilized. Based on the ideal gas law, the

temperature changes as a function of volume (Joule and Thomson, 1852). As this is also valid

for solid materials (Weber, 1830), with elastic elongation, the volume is increasing, while the

temperature is decreasing. In the case of plastic deformation, the deformation work is mostly

dissipated in the form of heat (Pandey and Chand, 2003). This means that the specimen heats

up again. These relationships lead to a characteristic minimum between elastic and plastic

deformation under tensile load, which can be used to determine the onset of yielding, especially

for materials with a particularly smooth elastic-plastic transition (Cardona et al., 1983). Since

this approach is one of the main research aspects of this thesis, it will be discussed separately

and in more detail in Section 2.6.
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2.4.2 Determination of the Initial Elastic Modulus

In this chapter, a distinction is made between elastic modulus types and approaches. The

types describe different variants of the elastic modulus description. These types in turn can be

evaluated based on different approaches. When determining the elastic modulus in the uniaxial

tensile test, a fundamental distinction can be made between different types. The American

standard ASTM E 111-17 distinguishes between the Young’s modulus, or elastic modulus, the

tangent modulus and the chord modulus. Furthermore, the type of a secant modulus can be

found in literature (Dean et al., 1995). Figure 2.6 shows these types schematically. The types

őnd application depending on the objective of the analysis and the material behavior. The

S-shaped stress-strain curve as shown for the secant modulus (see Figure 2.6), usually indicates

inaccuracies in the experimental setup and occurs in the very beginning of the stress-strain curve.

For this reason, incorrect assumptions may be made for this type.
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Figure 2.6: Schematic representation of different elastic modulus types (ASTM E 111-17, 2017;

Dean et al., 1995).

Based on the types, there are several approaches to evaluate the elastic modulus (Maciolek et al.,

2021) and for a better overview, these methods can be classiőed in limit, őtting and deformation

work approaches. Figure 2.7 shows these approaches schematically for better clarity. The basic

approaches of these evaluation methods are summarized in the following.
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Figure 2.7: Schematic representation of different elastic modulus approaches.

• Limits approaches

The German standard procedure is a typical approach with őxed limits. It suggests to

use the range from 10 % to 40 % of the yield strength for a linear regression. Since the

yield strength itself depends on the linear range of the initial slope, an iterative process

may be necessary (Maciolek et al., 2021). The number of datapoints required and the

maximum standard deviation are speciőed. Nevertheless, it can lead to a user-dependent

result, because no real termination criterion is deőned for the iterative process. Hence, it

depends on the experience of the user.

The tensile strength (TS) can be determined more clearly compared to the yield strength.

Therefore, Sonne (1999) published an evaluation approach where the range between 5 %

and 18 % of TS is used for the linear regression. This leads to the fact that for many

materials only a small area at the beginning of the stress-strain curve is considered for the

determination.

The approach introduced by McKeighan and Hillberry (1991) also uses the tensile strength

for the determination of limits. Therefore, initial values for the upper and lower limits,

the step size and an additional stress tolerance value are deőned. The deőnition of these

values depends on a try and error procedure and is therefore based on experience. The

slope between the lower and upper limit is used to calculate a temporary yield strength

at 0.2 % plastic strain. If this value is within the deőned stress tolerance with the upper

stress limit, the procedure is completed and the elastic modulus corresponds to this slope.

A veriőcation approach is also proposed, but this is based on a self-deőned accuracy

tolerance.
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• Fitting approaches

Hesse et al. (1991) used two 3rd order polynomials in an iterative process where the

elastic modulus is determined step by step. This is done by analyzing the curvature of the

function curves. The iterative process is terminated when the nonlinear components of

the polynomials are negligibly small or a deőned minimum value was reached. A detailed

description can be found in Hesse et al. (1991).

The approach by Scibetta and Schuurmans (2004) uses an initial starting value, dependent

on the maximum force. Then, a section size and a minimum number of datapoints are

deőned. This data section size is shifted through the experimental datapoints and a linear

regression is performed for each position. In an iterative process, both the number of

datapoints and the section size are increased so that the error of the linear őt can be

calculated for each area of the stress-strain curve. The slope of the area with the lowest

error reŕects the elastic modulus.

Another őtting approach was published by Roebuck et al. (1994). The tangent modulus

was calculated using 2nd order polynomial őt and plotted versus the strain. In this way,

a plateau can be searched, which represents linear behavior. For many materials, the

plateau cannot be determined unambiguously due to a very soft transition. Furthermore,

the evaluation depends on the selected initial parameters for the polynomial as well as on

the measurement data acquisition. Hence, user experience is necessary.

• Deformation work approach

Suttner and Merklein (2017) introduced an approach based on the performed deformation

work. For this purpose, the triangular work was calculated for each stress-strain pair.

During linear behavior, this triangular work corresponds to the deformation work. If the

behavior is nonlinear, the deformation work is larger. In this way, taking into account

the relationship between the triangular work and the deformation work, the elastic limit

and modulus can be determined. However, nonlinear effects led to inaccuracies in the

determination of the elastic limit and smaller, nonlinear strains had to be neglected.

In summary, there are a large number of determination methods for Young’s modulus and in

some cases they differ greatly in their approach (Maciolek et al., 2021). Most methods take the

approach of detecting the region of greatest linearity in order to evaluate its slope. Due to the

existing nonlinearity for many materials, this often leads to assumptions, which are necessary for

the evaluation. Finally, a veriőcation of reasonableness by looking at the őt in the stress-strain

curve is necessary.
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2.5 Strain-Dependent Unloading Behavior

It has long been known that the elastic unloading behavior after plastic pre-strain can be different

from the initial elastic loading (Taylor and Quinney, 1931). For some time, this phenomenon, for

example for copper (Lems, 1962), was studied independently of springback prediction without

much attention. After it became known that this phenomenon has great inŕuence on springback

prediction (Morestin and Boivin, 1996), its investigation became the focus of more and more

scientiőc studies (D. Li and Wagoner, 2021). A variety of different terms can be found in the

literature to describe this phenomenon (Torkabadi, 2018). Therefore, a clear classiőcation or

terminology is important. Figure 2.8 illustrates the phenomenon by means of an unloading

curve of a uniaxial tensile test for a better overview.

At őrst, the elastic strain composition has to be explained. In literature, it is common to divide

the total recovery strain (𝜀rec), at 0 MPa external stress, into linear elastic and nonlinear elastic

(Cleveland and Ghosh, 2002). The remaining true strain after unloading is referred to a true

plastic strain (𝜀pl), since it has been corrected for the elastic components. The linear elastic

strain (𝜀el) is based on the initially measured elastic modulus. Thus, dependent on Equation 2.6,

the strain is calculated by the initial elastic modulus and the current stress value at the start of

unloading. The nonlinear elastic strain represents the additional strain up to the total recovery

strain.
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Figure 2.8: Schematic representation of an unloading curve in a uniaxial tensile test to illustrate

the elastic components.

In the research area of sheet metal forming and its modeling, there are many different terms for

this nonlinear strain component. For example, Sun and Wagoner (2011) refers to this as "Quasi-
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Plastic-Elastic" strain, Luo and Ghosh (2003) uses the term "inelastic" strain and Arechabaleta

et al. (2016) speciőes the strain as "anelastic" strain. Within this thesis, the nonlinear component

of the elastic unloading is referred to anelastic strain (𝜀an) as in most of the publications in this

subject area. To avoid confusion it should be noted that in mechanics, anelastic relaxation is

also used as a type for internal friction (Blanter et al., 2007) and that a distinction is often made

between nonlinear elasticity and anelasticity (Nowick and Berry, 1972). More details about this

can be found in Section 2.5.1. Finally, the total elastic recovery strain can be summarized to

𝜀rec = 𝜀el + 𝜀an , (2.7)

(Arechabaleta et al., 2016) or, if describing the total true strain (𝜀) (Sun and Wagoner, 2011),

to

𝜀 = 𝜀pl + 𝜀el + 𝜀an . (2.8)

It has been shown that it is important to consider this behavior for springback prediction. For

this purpose, a characteristic value or parameter is necessary, thus, an unloading modulus.

Commonly, the slope between the starting point of unloading and the strain value after complete

unloading is used. Again, different terms can be found for this parameter in literature, like

"springback modulus", "secant modulus", "chord modulus" and "effective modulus" (Torkabadi,

2018). According to the standard ASTM E 111-17, this type of evaluation is equivalent with the

chord modulus (see Figure 2.6) and this term is used within this thesis.

2.5.1 Anelasticity

Deőnition and classiőcation

The original deőnition of anelasticity probably goes back to the book "Elasticity and Anelasticity

of Metals" by Zener (1948) who was the őrst to create a distinction from general viscoelasticity

(Nowick and Berry, 1972). Zener (1948) deőnes anelasticity as the state in which stresses and

strains are not related in a deőned way and no permanent deformation occurs. According to this

original deőnition, it was assumed that anelasticity is a time-dependent, nonlinear, additional

component besides instantaneous elasticity and it differs from linear viscoelasticity in that it is

completely reversible (Nowick and Berry, 1972). The time dependence becomes clear when

looking at the deőned mechanical standard model for anelasticity (Figure 2.9). With a spring

connected in series ((a) and (b)), immediate deformation is possible. By connecting a spring

and a dashpot in parallel ((b) and (c)), an additional nonlinear component is added.
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(a) 

(b) (c) 

Figure 2.9: Standard three parameter anelastic model according to Nowick and Berry (1972)

and Blanter et al. (2007).

Based on the mentioned time-dependency, the model includes so-called elastic after effects

(Zener, 1948). Sun and Wagoner (2011) investigated the deőnition for its validity in an exten-

sive study using uniaxial cyclic tensile tests. A time-delayed material behavior could not be

determined, since the obtained stress-strain hysteresis showed no dependency on strain rates in

the quasi-static range. Based on the state of the art and a comprehensive experimental study, a

revised deőnition was found in D. Li and Wagoner (2021). There, anelastic behavior is deőned as

"a mode of deformation that is recoverable and energy dissipative" (D. Li and Wagoner, 2021).

According to D. Li and Wagoner (2021), the deőnition does not contradict Zener’s original

deőnition as well as the common viscoelastic terminology for polymers. Only the time-delayed

material behavior is no longer taken into account, since it could not be proven.

Explanations for anelastic material behavior

Different explanations for anelastic behavior can be found in literature and a summary of them is

given by Z. Chen, Bong, et al. (2016). Since anelasticity is a key topic of this thesis, conceivable

responsible mechanisms will be explained again. Figure 2.10 shows a graphical summary of the

mechanisms, the signiőcance of which will be brieŕy discussed below.

Atomic bond 

stretching
Damage evolution

Twinning and

kink bands

Microstructural

inhomogeneities

Dislocation 

motion

Figure 2.10: Overview of conceivable responsible mechanisms for anelastic behavior.
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• Atomic bond stretching

For metals at low temperatures, usually only the deformation mechanisms of dislocation

motion and atomic bond stretching occur (D. Li and Wagoner, 2021). It was shown that

for ferritic metals and alloys, the atomic bond stretching is linear up to stresses of about

15 GPa (L. Li and Han, 2017). Stresses of this level are not reached in the investigations

of this study. Hence, it is assumed that this mechanism is negligible (Z. Chen, Bong,

et al., 2016).

• Damage evolution

In Halilovič et al. (2007), the anelastic behavior is explained by decreasing stiffness due to

increasing microvoids and microcracks. Experiments of Eggertsen et al. (2011) showed

that the elastic stiffness recovers over time. Thus, the elastic modulus increases again over

time. As a result, it was shown that the amount of anelastic strain decreases over time at

room temperature. The material thus recovers. Furthermore, Torkabadi (2018) showed

that after plastic pre-strain, the initial Young’s modulus can be achieved again after heat

treatment. These experimental results contradict a relationship between damage evolution

and anelasticity, since recovery is not expected under the described circumstances.

• Twinning/detwinning and kink bands

Hama et al. (2013) showed a relation between the nonlinear unloading behavior and

detwinning. Zhou et al. (2008) found a connection between kink bands and nonlinear

behavior. Both studies investigated hexagonal close packed (hcp) materials. Since both

effects hardly occur in face centered cubic (fcc) and body centered cubic (bcc) materials,

which are investigated in this study, it can be assumed that these mechanisms play only a

minor role (Z. Chen, Bong, et al., 2016).

• Microstructural inhomogeneities

Microstructural inhomogeneity refers to different strengths or stiffnesses within the mi-

crostructure of polycrystals. On the one hand, this can be different load bearing capacities

of grains and microstructural anisotropies, which lead to so called intergranular stresses

(Dye et al., 2001). On the other hand, these are interphase stresses in multiphase materials,

where the respective phases differ strongly in their strength. The more compliant phase

can already enter the pressure range during unloading and thus reverse yielding can occur

(Govik et al., 2014). An indication of this was shown in Gardey et al. (2005), who showed

a more pronounced Bauschinger effect in dual-phase steels compared to single-phase

steels. J. H. Kim et al. (2012) and Govik et al. (2014) published results in a numerical

study that indicated that differential phase behavior is the main driver of the Bauschinger
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effect, respectively the nonlinear, anelastic unloading behavior. Zecevic et al. (2016) also

showed in a numerical study the importance of the behavior of two different phases for

the Bauschinger effect.

• Dislocation motion

In literature, the movement of dislocations is most often given as the origin of the strain-

dependent, nonlinear unloading behavior. It is assumed that dislocations pile up at grain

boundaries and can move differently in opposite directions (Hart, 1984). Cleveland and

Ghosh (2002) divided the behavior of these mobile dislocations during unloading into

three areas. First, dislocations piled up at obstacles in the lattice during loading, move

back and are more mobile in reverse direction. Then, dislocations in the cell wall also

begin to move backward. During unloading, more and more piled up dislocations become

mobile, which leads to the more compliant elastic behavior near complete unloading.

Besides this, bowing out of dislocations between őxed points is named to be a further

possible cause for the additional, fully recoverable and nonlinear strain (Pérez et al., 2005).

Recently, the correlation between dislocation movement and anelastic behavior could be

partially veriőed. Kupke et al. (2019) was able to show dislocation movement during

unloading using electron channeling contrast imaging. Torkabadi et al. (2018) blocked

mobile dislocations via heat treatment and thus was able to show a direct correlation with

the nonlinear behavior. Arechabaleta et al. (2016) was able to show dislocation movement

indirectly by comparing X-ray results with a material model. Using TEM measurements

on aluminum, Hasegawa et al. (1975) showed annihilation of 10 - 20 % of dislocation

density upon unloading and reverse loading, proving that dislocations can be mobile, or

annihilate, and are related to anelasticity and early re-yielding.

In summary, the most plausible explanations for nonlinear anelastic behavior are microstructural

inhomogeneities and dislocation motion. Therefore, these two mechanisms will be examined in

more detail within this research study.

2.5.2 Reduction of the Unloading Modulus

So far, the speciőc anelastic behavior of an unloading curve after plastic pre-strain has been

considered. Now, the behavior will be described as a function of increasing plastic strain.

To describe the springback as a function of plastic strain, an unloading modulus is necessary.

Again, there are various evaluation methods. Yoshida et al. (2002) describes the possibility

of dividing the unloading curve into four sections in order to determine the slope in each case
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(Figure 2.11 (a)). As already mentioned, the chord modulus (Figure 2.8) is the most widely used

method for describing the unloading curve. The advantage is that the real springback strain is

fully considered with it, because it is evaluated until zero applied stress (Cleveland and Ghosh,

2002). The nonlinearity of the unloading curve is not taken into account, but as the full recovery

strain is considered for evaluation of the chord modulus, it is linked with the amount of anelastic

strain. Consequently, a reduction of the chord modulus compared to the initial Young’s modulus

is due to anelasticity.

A large number of studies have analyzed the dependence of chord modulus on plastic strain for a

wide range of materials in cyclic loading-unloading tensile tests. Wagner et al. (2021) evaluated

the chord modulus dependent on plastic strain in cyclic tensile tests for 27 different steel grades,

from mild steels to conventional high-strength steels to high-strength dual-phase steels. The

results show that the chord modulus decreases by up to 25 % with uniform elongation. This

maximum reduction was found for dual-phase steels. Similar reductions in chord modulus were

found for aluminum (Cleveland and Ghosh, 2002), stainless steel (Yamaguchi et al., 1998) and

TRIP steels (Mendiguren et al., 2015). In these studies, there was always an initial signiőcant

decrease in the chord modulus, which then went into saturation with increasing plastic pre-strain.

After showing that the reduction in Young’s modulus has large effects on springback modeling

(Morestin and Boivin, 1996), several modeling approaches describing this reduction in stiffness

with increasing plastic strain were published (Kubli et al., 2008). These ranged from linear

approaches (Morestin et al., 1996), to nonlinear analytical (X. Li et al., 2002) and logarithmic

ones (Luo and Ghosh, 2003). A widely used exponential approach was introduced by Yoshida

et al. (2002) and is

𝐸av = 𝐸0 − (𝐸0 − 𝐸sat)[1 − 𝑒𝑥𝑝−𝜉𝜀
𝑝

0] , (2.9)

where 𝐸av is an average modulus at the plastic strain 𝜀
𝑝

0
calculated with the initial Young’s

modulus 𝐸0 and a saturated modulus 𝐸sat at a large plastic prestrain. The parameter 𝜉 is a

material constant. A cyclic tensile test and evaluation of the unloading modulus at several

plastic pre-strains is necessary for the calibration of this model. Figure 2.11 (b) shows this

modulus approximation according to Yoshida et al. (2002) on basis of four sections of the

unloading curve (Figure 2.11 (a)). The range for modulus 𝐸4 is like the chord modulus, since

the entire unloading curve is included in the linear regression. For the evaluation shown in

Figure 2.11, a dual-phase steel (DP1000) was used and the initial Young’s modulus was set to

210 GPa.

In Yoshida (2018), an extension of the modeling approach was presented so that additionally

nonlinearity is taken into account. The investigation of the importance of considering chord

modulus reduction as well as nonlinearity in hardening models can be found in Yoshida (2022).
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In summary, the consideration of a variable elastic modulus has great inŕuence on the result of

springback prediction. The additional consideration of the nonlinearity showed a rather small

inŕuence depending on the hardening model.
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Figure 2.11: (a) Subdivision of the unloading curve into four unloading moduli 𝐸1−4 and (b)

their plastic strain dependency for DP1000. Additionally, the approximations by

Equation 2.9 according to Yoshida et al. (2002) are plotted.

2.5.3 Re-yielding and Bauschinger Effect

During the production of sheet metal components, a change in loading direction can occur

(Torkabadi, 2018). As already mentioned, the forming behavior differs with load path changes,

e.g. with reverse loading after previous plastic tensile loading (Kubli et al., 2008). If a

component is subject to loading, unloading and reverse loading, the stress-strain relationship

that occurs can be divided into characteristic sections. After a tensile load, nonlinear unloading

occurs, which has already been described in detail in the previous sections. When the load

changes, the Bauschinger effect or early re-yielding occurs before transient softening takes

place. Permanent softening follows this. Figure 2.12 schematically shows a stress-strain path for

loading, unloading and reverse loading and highlights the mentioned areas according to Yoshida

and Uemori (2002).

The areas addressed are brieŕy explained in the following and hardening models which can

represent these characteristic areas are listed (Torkabadi, 2018). It has to be noted that only

a rough overview of the hardening models is given, since the focus of this thesis is not on

material modeling, but on understanding material behavior by experimental investigations. A

more comprehensive overview of modeling approaches can be found in Wagoner et al. (2013)

and Yoshida and Amaishi (2020).
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Figure 2.12: Schematic tension-compression stress-strain path. Highlighted are the important

areas for modeling the Bauschinger effect according to Yoshida and Uemori (2002).

• Bauschinger effect, early re-yielding

Based on the mechanisms described in Section 2.5.1, early re-yielding occurs in some

materials. This means that the material already begins to replasticize during tensile load.

As a result, the stress-strain behavior changes signiőcantly. Early re-yielding is thus to

some extent related to the anelastic behavior described.

• Transient softening

Transient softening describes the particularly smooth elastic-plastic transition due to the

load change.

• Permanent softening

Permanent softening refers to the signiőcantly lower yield curve after load change com-

pared to the yield curve without load change.

For the description of plasticity or hardening behavior, a general distinction can be made between

two approaches and their combination. Namely, these are isotropic and kinematic hardening

and the combined isotropic-kinematic hardening. For better clarity, the approaches are shown

schematically in Figure 2.13 according to Muránsky et al. (2012).

The initial yield surface is a mathematical description of a surface in the space of principal

stresses (Banabic and Pöhlandt, 2000). The interior of this three dimensional surface refers

to an elastic state and points on the surface refer to a plastic state (Banabic and Pöhlandt,

2000). The different approaches to hardening can be illustrated by the yield surface. In the

case of isotropic hardening (Figure 2.13 (a)), the yield surface expands or contracts while the

center position, the shape and orientation of the yield surface stay the same (Muránsky et al.,

2012). In contrast, the size, orientation and shape of the yield surface remain the same during

kinematic hardening (Figure 2.13 (b)) and only the center position changes in the stress space
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(Prager, 1955). Isotropic-kinematic hardening combines their properties (Figure 2.13 (c)). The

yield surface can expand or contract as well as change in its center position. As illustrated in

Figure 2.13 (d), the prediction of the re-yielding point after changing the loading direction is

strongly dependent on the chosen hardening model.

σ2 σ2 σ2

σ1σ1σ1

σ

ε

(a) Isotropic (b) Kinematic

Initial yield surface
Re-yielding

Yielding

(c) Isotropic-kinematic (d) Stress-strain

Figure 2.13: Illustration of (a) isotropic, (b) kinematic and (c) isotropic-kinematic hardening

and (d) its effect on the stress-strain curve according to Muránsky et al. (2012).

The scientiőc community agrees that attention to the Bauschinger effect is of great importance

for springback prediction (Wagoner et al., 2013; Yoshida and Amaishi, 2020). To model this

behavior, the description of the hardening with a simple radially expansion of the yield surface

(isotropic) is not sufficient. It has been shown that approaches which consider the translation of

the yield surface (kinematic, isotropic-kinematic) are better suited for this purpose (Eggertsen

and Mattiasson, 2009). Widely used models that can reproduce the described characteristic

features during load changes are nonlinear hardening models (Frederick and Armstrong, 2007),

multi-surface hardening models (Yoshida and Uemori, 2002) and models different from the

simple kinematic approach (Barlat et al., 2011). The latter, the so-called homogenous anisotropic

hardening model (HAH), is becoming increasingly popular. It has been extended to include

cross-loading effects (Barlat et al., 2013) and further enhanced for mild steels and high-strength

steels (Barlat et al., 2014), and it is still being further adapted and improved (Barlat et al.,

2020).

The isotropic-kinematic YU model, published by Yoshida and Uemori (2002), is őnding increas-

ing industrial application as it is implemented in several FEM programs (LS-DYNA, Pam-Stamp,

AutoForm). It shows high prediction accuracy compared to other models (Grubenmann et al.,

2018). For the calibration of the model, three elasticity parameters are determined in a cyclic ten-

sile test (see Equation 2.9) and seven plasticity parameters are necessary, which are determined

in a tension-compression test. The YU model is discussed in more detail in Section 8.1.
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Generally, experimental, microstructural investigations of the Bauschinger effect for a better

understanding of the material behavior are missing and the models mentioned are mainly curve

descriptions. This means, the macroscopic stress-strain relationship is reproduced as accurately

as possible without knowing the microstructural causes.

2.6 Thermoelastic Effect

In Section 2.4, it has already been shown that there is the possibility to determine the onset

of yielding via high-precision temperature measurement (see Figure 2.5 (c)). This method is

investigated and further developed in this thesis for the characterization of material behavior. For

this reason, the thermoelastic effect (TE) is discussed separately again here. First, a description

and short historical summary of the state of the art is given. Then, the thermomechanical basics

are discussed.

2.6.1 Description and Historical Summary

The thermoelastic effect describes the temperature change with a volume change in solids.

Figure 2.14 illustrates this schematically with a crystal lattice model. According to Vitzthum et

al. (2019), the process can be divided into three phases. During elastic tensile loading (phase 1),

a stretching or distortion of the lattice occurs. The crystal lattice remains intact, i.e. reversible,

and no dislocations are formed, but the distortion leads to an increase in volume. This is also

due to Poisson’s ratio, which for steel is 0.3 (Doege and Behrens, 2010). The increase in volume

leads to a decrease in temperature. Above a certain stress, the material begins to plastically yield

(phase 2), the lattice partially breaks up and dislocations form. Most of the energy released in this

process is converted into heat (Pandey and Chand, 2003), which leads to a temperature increase

and thus to a characteristic temperature minimum in the area of the onset of yielding. During

elastic unloading (phase 3), the volume decreases and consequently the temperature increases.

However, this can occur with a different gradient than during elastic-plastic deformation.

The thermoelastic effect goes back to the őndings of Weber (1830) and Joule and Thomson

(1852). They were able to prove that the relationship between the temperature change and the

volume change also applies to solids. Thomson (1853) established a theoretical basis and de-

rived a linear relationship between temperature and stress change during reversible deformation

(Stanley, 2008). Compton and Webster (1915) published an experimental conőrmation of these

őndings and afterwards several studies were addressed to this topic (Biot, 1955; Rocca and
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Bever, 1950). An overview and detailed descriptions can be found in Sharpe (2008). In the

beginning, measurement accuracy was the major challenge, because for metallic materials, it is

necessary to measure temperature changes of less than one Kelvin (H. Lee and J. Chen, 1991).

Belgen (1967) succeeded in measuring the effect with an infrared camera and H. Lee and J.

Chen (1991) were able to measure a temperature difference of 0.35 K for steel material using

sensitive thermistors. In the meantime, results have been published in literature on stainless

steel (Patil et al., 2009; Prakash et al., 2011), on austenitic steel, titanium and aluminum alloy

(Oliferuk et al., 2012) as well as on low carbon steel (Jandrlić et al., 2016). The effect was also

demonstrated in a biaxial tensile test with welded-on thermocouples (Jocham et al., 2016). A

measurement method with a PT1000 sensor has already been presented by the author and will

be further modiőed, improved and validated within this thesis (Vitzthum et al., 2019).
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Figure 2.14: Schematic crystal lattice during elastic loading, elastic-plastic deformation and

elastic unloading and associated stress-time and temperature-time curve to illus-

trate the thermoelastic effect.

2.6.2 Thermomechanical Basics

During a uniaxial tensile test, the temperature in the specimen changes. Thus, it is a non-

isothermal experiment and the temperature change is related to non-trivial thermodynamic

processes in the material. Consequently, elasticity cannot be described only mechanically.

Bottani and Caglioti (1982) introduced a thermomechanical description of the temperature

behavior during elastic-plastic transition, which can be summarized on basis of Cardona et al.

(1983) as follows. During pure elastic deformation, virtually, there is no change in entropy

and the material’s thermodynamic state is stable. Dislocations cannot move, i.e. are immobile

and the material state is almost in equilibrium. It is possible to describe this condition with
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the strain tensor and the present temperature. If plastic deformation occurs, dislocations form

or rearrange themselves and the dislocation density changes. To describe this change another

thermodynamic variable is necessary and for this reason, the described purely elastic state gets

out of equilibrium. The onset of yielding thus reŕects the point at which the prevailing state can

no longer be described in conventional thermodynamic terms.

The increase in volume leads to a decrease in temperature and vice versa. The volume during

linear elastic deformation can be described with

Δ𝑉

𝑉0
= (1 − 2𝜈) ⋅ 𝜀l . (2.10)

There, 𝑉0 is the inital volume, 𝜈 Poisson’s ratio and 𝜀l the strain in longitudinal direction. Using

Maxwell’s relation, the dependency between the initial temperature 𝑇0 and the temperature

change Δ𝑇 in the elastic range is given with the equation (H. Lee and J. Chen, 1991)

Δ𝑇

𝑇0
= −𝛾(1 − 2𝜈) ⋅ 𝜀l , (2.11)

where 𝛾 is the Grüneisen parameter. This parameter is described by the speciőc heat capacity at

constant volume, the thermal expansion coefficient and isothermal compressibility, but a precise

determination of a value for this parameter is not trivial. An extensive investigation of different

materials is necessary. (H. Lee and J. Chen, 1991)

Besides this thermomechanical description, there is another, well-known approach to describe

the thermoelastic effect. The derivation of the relationship is possible by using the thermoe-

lasticity model of Heinz (1976). After complex derivation (H. Lee and J. Chen, 1991), the

relationship between the change in stress Δ𝜎 and in temperature Δ𝑇 is given by (Bever et al.,

1973)

Δ𝑇 = −
𝛼𝑇0Δ𝜎

𝜌𝐶
. (2.12)

Equation 2.12 describes a linear relationship between stress and temperature for elastic defor-

mation. For this relation, the thermal expansion coefficient 𝛼, the ambient temperature 𝑇0, the

density 𝜌 as well as the heat capacity 𝐶 are necessary. Consequently, materials like steels with

a positive thermal expansion coefficient cool down during elastic tension and heat up during

compression. The temperature changes calculated with this formula corresponded very well

to those measured experimentally. This could be shown for several materials such as metals,

polymers, ceramics and composites (Boley and Weiner, 2012). It was also proofed within this

thesis and is shown in Section 6.1.1.
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2.7 Microstructural Fundamentals of Metals

The basics of the microstructure of metals are brieŕy summarized according to Banabic and

Pöhlandt (2000), Clemens et al. (2017) and Hornbogen et al. (2019). With this, the terminology

used within this thesis is clariőed.

Solid materials can be classiőed by their atomic arrangement and the type of bonding of the

atoms (Clemens et al., 2017). Metallic materials are composed of a large quantity of individual

grains, also known as crystallites. The grains are separated from each other by grain boundaries

and their size can vary greatly depending on the material. The combination of grains, their

orientation, possible crystal defects and the grain boundaries is called texture. The structure

in a particular grain is given by a periodic arrangement of atoms and their distance to each

other, which is also called crystal lattice. The distribution of the grain orientations is thereby

random, but each orientation can be deőned by their elementary crystal structure (Banabic and

Pöhlandt, 2000). For metals, these crystal structures can be divided in body-centered cubic

(bcc), face-centered cubic (fcc), hexagonal closed-packed (hcp) and tetragonal (Clemens et al.,

2017). Figure 2.15 (a) shows schematically the division of several grains with their crystal

lattices of different orientations. In addition, the elementary arrangement of the atoms is shown

for bcc (Figure 2.15 (b)). Apart from lattice defects, the entire crystal lattice is composed of

this structure. Only bcc is shown, since within this thesis steels with this lattice structure are

investigated. It has to be noted that only the centers of the particular atoms are shown. In reality,

the atoms are closely packed together and for bcc in diagonal direction in contact to each other.

This represents the slip direction. (Banabic and Pöhlandt, 2000)

Grain boundary

Grain / crystal

Crystal lattice with 

specific orientation
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a2(000)
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Figure 2.15: (a) Schematic representation of a grain structure of a metal and (b) arrangement

of atoms for a body-centered cubic material (bcc). The (111) lattice plane is

shown transparent in gray as an example. Illustrations according to Banabic and

Pöhlandt (2000) and Jackson (1991).
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Miller (1839) introduced the so-called hkl Miller indices to deőne directions and planes within

a crystal structure. Based on an initial coordinate system (a1, a2, a3), a direction or plane can

be described by the intersection points with the axes (see the example lattice plane (111) in

Figure 2.15 (b)). It is speciőed that the entries for h, k and l must be integers (Jackson, 1991).

In summary, a number of aspects can characterize the microstructure of metals. These are

the grains and their sizes, phases present and their compositions or distribution, as well as

various types of defects. A distinction is made between zero dimensional defects, namely point

defects (e.g. vacancies and foreign atoms), one-dimensional defects such as dislocations and two

dimensional defects such as grain boundaries and heterogeneous interfaces. Plastic deformation

is based on these defects and mainly on the formation and movement of dislocations. (Clemens

et al., 2017)

Dislocations and microstructural stresses are in particular the focus of this thesis, since they are

considered drivers of anelastic behavior. For this reason, their fundamentals will be discussed

separately.

2.7.1 Dislocations

Dislocations are line defects in the crystal lattice and a general distinction is made between edge

dislocations and screw dislocations (Figure 2.16) (Bargel, 2022). The behavior of dislocations

has a signiőcant inŕuence on the material behavior, because their movement and formation

leads to plastic deformation or hardening. If dislocations encounter obstacles or are blocked, the

material hardens. Edge dislocations can move only in the slip direction depending on the lattice,

if no thermal activation takes place. The closest packed direction and thus the slip direction

for bcc materials is ⟨111⟩ (Jackson, 1991). The Burgers vector represents the distortion of the

crystal lattice due to dislocations. The Burgers vector 𝑏 is calculated via the Burgers circuit,

i.e. going from atom to atom in a circuit. In an ideal crystal, the end point is equal to the

start point. The position between the start and end point can differ, for example because of an

edge dislocation in the crystal (see Figure 2.16 (c)). The Burgers vector represents this distance

between start and end point. (Banabic and Pöhlandt, 2000)

The dislocation density usually expresses the dislocation state in a material. It describes the

number of dislocations present in a given area. It is the dislocation length per volume and in

metallic materials, their range is usually between 1010 m−2 and 1016 m−2 depending on the

processing history (e.g. heat-treated or cold-formed). (Clemens et al., 2017)



2.7 Microstructural Fundamentals of Metals 29

(a) (b) (c)

b

Figure 2.16: Crystal lattice model with (a) a screw dislocation and (b) an edge dislocation. (c)

Burgers circuit for an edge dislocation (Banabic and Pöhlandt, 2000).

2.7.2 Microstructural Stresses

Besides dislocations, microstructural stresses are mainly used as a plausible reason for anelastic

material behavior. Before microstructural stresses are described in more detail, they are classiőed

in the overall context of residual stresses. Residual stresses are internal stresses within a material

or component, which is free from external loads. They are caused by processing or forming

and can be divided into three different types (Hauk, 1997). First type are macroscopic residual

stresses, which occur over large distances, thus, over numerous crystals and phases within the

material or over the entire component length (Repper, 2010). The second and third types are

residual stresses within the microstructure. These are intergranular and interphase stresses

(2nd type) and intragranular stresses (3rd type) within a grain. Figure 2.17 schematically shows

a possible distribution of the three types of residual stresses for a polycrystalline material.

If an external force is applied to such a polycrystalline material, the result is a macrostress

superimposed of microstresses. These microstresses are acting on individual grains, between

grains and within grains as shown in Figure 2.17. (Dye et al., 2001)
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Figure 2.17: Schematic representation of the distribution of residual stresses of 1𝑠𝑡, 2𝑛𝑑 and

3𝑟𝑑 order for a polycrystalline material according to Dye et al. (2001).
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Within this work, intragranular, intergranular and interphase stresses are studied. For this reason,

these three types will be discussed in more detail in the following.

Intragranular stresses

Intragranular stresses are stress differences within a grain. This type of residual stresses is

caused by defects in the crystal lattice, such as vacancies, interstitial atoms, dislocations, etc.

(Repper, 2010)

Intergranular stresses

Anisotropic behavior occurs in a single-phase polycrystalline material under elastic and plastic

loading, resulting in intergranular stresses (Heyn, 1914). If a uniaxial load is applied to a

polycrystalline aggregate, this load is distributed to the individual grains depending on their

elastic anisotropy, thus, their stiffness and their orientation to the direction of the load. Elastic

stiffer grains absorb more strain then more compliant ones. In the elastic range, this stiffness

is called diffraction elastic constant (DEC). If the critical stress, which leads to the activation

of the slip systems, is exceeded, plasticization occurs. This onset of plasticization also occurs

depending on the stiffness of the respective grain family and their orientation to the load direction.

Microstructural anisotropy or interactions between grains during plastic deformation can cause

individual grains to exhibit different strain states after complete unloading. Figure 2.18 (a)

schematically shows the true macroscopic stress versus the lattice strain for two lattice planes.

Already during elastic deformation, a difference in slope can be seen, which indicates elastic

anisotropy. If plasticization occurs, the plastic anisotropy becomes apparent, which leads to

residual strains after unloading. Figure 2.18 (b) shows the corresponding intergranular strains

versus the true macroscopic strain. Due to strongly different behavior of the grains at small

strains, there is a strong increase in intergranular strains, especially at the beginning. In the

further course, the increase depends on the hardening of the material. Clausen et al. (1998)

showed that microstructural elastic and plastic anisotropy is crucial for the development of

intergranular stresses. (Dye et al., 2001; Stone et al., 1999)

Most studies on intergranular stresses are found for fcc materials like stainless steel (Daymond

et al., 1997), copper (Clausen et al., 1998) or nickel-base alloys (Holden et al., 1998). In a study

of Pang et al. (1998) with pure ferritic bcc material, large intergranular strains were observed

for the lattice plane (002). Lattice planes with higher multiplicity like (220), (112) and (222)

showed smaller intergranular strains, which did not exceed the standard deviation. Furthermore,

Tomota et al. (2003) showed in an in-situ neutron diffraction study with single-phase ferritic

steel that the (200) lattice plane is highly anisotropic. The DEC200 was signiőcantly lower

than for the lattice planes (211) and (110). As a result, grains with the orientation of lattice
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plane (200) behaved more compliant and absorbed more elastic strain, which led to a strongly

different plastic yielding behavior between the investigated lattice planes. The range in which

some lattice planes are already plasticizing while others are still elastically deformable has been

termed grain-to-grain yielding (Tomota et al., 2003).
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Figure 2.18: Schematic plot of (a) intergranular strains after deformation by the true stress

versus lattice strain for two exemplary lattice planes and (b) intergranular strain

development with increasing macroscopic strain according to Dye et al. (2001).

Interphase stresses

More and more complex steels are coming onto the market in which multiple phases are

present. The background to this is to combine good properties of the respective phases. For

example, duplex stainless steels show high strength and yet corrosion resistance due to the smart

combination of ferrite and austenite (Gadalińska et al., 2021). Widely used are dual-phase

steels, where the hard martensite phase is combined with the soft ferrite phase. In this way, high

strength combined with good formability is possible (Bergström et al., 2010). This steel grade

is one of the considered steels within this thesis and explained in more detail in Section 4.2.

Large differences in the strength of the phases lead to a strongly different distribution of the

load on the respective phases. This in turn leads to different residual microstrains and őnally

interphase stresses (Stone et al., 1999). Figure 2.19 (a) illustrates schematically the behavior of

a harder phase 1 and a softer phase 2 for the same lattice plane. If the material is loaded uniaxial,

the phases őrst deform elastically until the softer phase begins to plasticize. The harder phase

then absorbs additional elastic strain, since its onset of yielding is at signiőcantly higher loads.

Because the softer phase can no longer absorb any further strain, a residual lattice strain occurs

during unloading, which can vary greatly. As exemplary shown in Figure 2.19 (a), one phase

may be under compression and the other under tension after complete unloading. This leads
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to interphase stresses, which are dependent on the true macroscopic strain (Figure 2.19 (b)).

(Stone et al., 1999)

Overall, the occurring phase stresses 𝜎phase1 and 𝜎phase2 are in equilibrium, depending on their

volume fraction 𝑓phase1 and 𝑓phase2. Thus, the volume fractions calculated with the phase stresses

result in the macroscopic stress 𝜎. It can be calculated with

𝜎 = 𝑓𝑝ℎ𝑎𝑠𝑒1 ⋅ 𝜎𝑝ℎ𝑎𝑠𝑒1 + 𝑓𝑝ℎ𝑎𝑠𝑒2 ⋅ 𝜎𝑝ℎ𝑎𝑠𝑒2 . (2.13)

The characterization of this microstructural material behavior has recently become an important

issue in order to calibrate microplasticity models for numerical simulation. For this purpose,

representative volume elements (RVE) are established which reŕect the behavior of the individual

phases and their volume fractions and with which the macroscopic material behavior can be

described on a microstructural basis (Torkabadi, 2018).
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Figure 2.19: Schematic representation of (a) different true stress versus lattice strain behavior

of the same lattice plane for two different phases and (b) evolution of interphase

stresses with increasing true macroscopic strain according to Stone et al. (1999)

2.8 In-situ Diffraction

In Section 2.7, microstructural basics were given, focusing primarily on dislocations and stresses

within the microstructure. In order to analyze these properties, a measurement method is

required that can detect individual grains or grain families with the same direction. Diffraction

experiments, e.g. with X-ray, neutron or synchrotron radiation, make this possible by evaluating

the lattice plane reŕections (Dye et al., 2001). In the following, the basics of diffraction

experiments with focus on synchrotron diffraction are explained. Subsequently, the state of the
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art of this kind of measurement method and the considered materials within this thesis is brieŕy

summarized.

Conventional X-ray tubes have the disadvantage that only a minimal portion of around 1 % of

the applied energy is converted into ionizing radiation and the rest is released in the form of

heat (Falta, 2010). The low radiation energy is followed by a low penetration depth, which in

the case of ferritic steel is in the range of a few micrometers (Spieß et al., 2019). Thus, the

microstructure of steel materials can only be examined close to the surface and surface defects

strongly inŕuence the measurement results. Accordingly, higher energy radiation is necessary

for the study of the microstructure of steel sheets with thicknesses in the millimeter range (Spieß

et al., 2019). Synchrotron radiation is generated by deŕecting electro-magnetically accelerated

electrons from their straight trajectory, which results in the tangential emission of high-energy

radiation (Wiedemann, 2003). Therefore, a ring-shaped particle accelerator with a diameter of

several meters to kilometers is required (Repper, 2010). The beneőt of synchrotron radiation

compared to conventional X-ray radiation is the much higher energy and brilliance, which allows

transmission measurements with steel sheet metals. This is why it is suitable to use synchrotron

radiation for the investigations in this thesis. It has to be noted that diffraction tests can only

measure values relative to the initial state.

The diffraction experiments for this thesis were performed at the German national laboratory

Deutsches Elektronen-Synchrotron (DESY) in Hamburg, which is a photon science and particle

accelerator (Heinze et al., 2017). The experiments were conducted at the photon science

source PETRA III (beamline P07), which is one of the brightest sources in the world. As an

example, the generated X-rays are up to 5000 times őner than a human hair. The acceleration

ring of 2.3 km length was the largest accelerator in the world when it was inaugurated. Today,

PETRA III offers space for almost 60 measuring stations at 23 beamlines. A detailed description

of the experimental setup and procedure can be found in Section 5.4. (Deutsches Elektronen-

Synchrotron, 2022)

2.8.1 Bragg’s Law

Based on the work of Max von Laue, who demonstrated the wave nature of X-rays, W. H.

Bragg and W. L. Bragg (1913) studied crystal lattice structures with X-rays (Landesberger,

2022). Bragg’s law describes the behavior of waves, respectively radiation, which can amplify

each other when passing through a periodically arranged solid, respectively crystal, forming

an interference. The diffraction of radiation, i.e. its distribution, provides information about
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the structure of the solid. Figure 2.20 shows the physical background of this condition. The

difference in distance of two waves in phase, which are scattered in the same way by atoms in

the crystal, is directly related to the distance between the atoms. Interference (𝑠) occurs, if this

delta corresponds exactly to a multiple of the wavelength. (Baker, 2009)
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Figure 2.20: Representation of lattice planes with periodically arranged atoms with atomic

lattice spacing 𝑑hkl and incident radiation leading to interference 𝑠 according to

Bragg’s law.

Hence, Bragg’s law mathematically gives the relation between the atomic lattice spacing 𝑑hkl of

the respective lattice plane, the multiple 𝑛 of the wavelength 𝜆 of the radiation and the diffraction

angle Θ as follows (Hauk, 1997)

𝑛𝜆 = 2𝑑𝑠𝑖𝑛(Θ) . (2.14)

For a cubic crystal system the atomic lattice spacing 𝑑hkl can be calculated with the lattice

parameter 𝑎 and the Miller indices of the respective lattice plane (Borchardt-Ott and Sowa,

2013). It is deőned as

𝑑hkl =
𝑎√

ℎ2 + 𝑘2 + 𝑙2
. (2.15)

2.8.2 Debye-Scherrer Method

Debye and Scherrer (1916) developed a method to investigate and identify crystal structures

of materials using X-ray radiation. In a polycrystalline material, according to the condition

of Bragg’s law, all equally oriented lattice planes reŕect at certain 2 Θ angles (Hauk, 1997).

Figure 2.21 (a) shows a setup of a transmission diffraction experiment. The beam goes through

the specimen. A large part of the beam passes through the sample unreŕected and is caught by

a beam stop. Some of the radiation is scattered by the crystal lattice, resulting in a scattering

cone that can be captured by a detector. The crystal lattice and material behavior in general

can be further evaluated by the obtained distribution, form and intensities of the rings (see

Figure 2.21 (b)). If, for example, the individual circular segments of the rings are compared
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with each other, it is possible to obtain information about the texture in the material (Repper,

2010).
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Figure 2.21: (a) Setup of a transmission diffraction experiment for the detection of lattice plane

speciőc Debye-Scherrer rings and (b) exemplary detector image with three complete

Debye-Scherrer rings.

For further analysis, the rings can be converted into diffraction proőles. Depending on the

objective of the examination, the measured intensities of ring segments in speciőc orientations

can be summed up. This results in a diffraction proőle with intensity versus the 2 Θ scattering

angle (Landesberger, 2022). Figure 2.22 shows three exemplary Debye-Scherrer rings on a

detector which are summed up over the evaluation segment. The summed up intensities are then

plotted versus the 2 Θ scattering angle.
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Figure 2.22: Schematic presentation of the evaluation of Debye-Scherrer rings to get a diffraction

proőle with intensity versus the 2 Θ angle for particular lattice planes.
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2.8.3 Diffraction Proőle Analysis

It was found that the intensity distribution of a diffraction proőle could have different appearance.

The shape of the proőle depends on micro residual stresses, lattice defects and the size and shape

of domains. This is why, the analysis of diffraction proőles is important in the őeld of materials

science. (Spieß et al., 2019)

The background, the maximum intensity, the width and the asymmetry are crucial for the de-

scription of a diffraction proőle. Their accurate consideration avoid misinterpretations regarding

the physical properties. Figure 2.23 illustrates these parameters for the description of a peak

proőle. Thereby, the parameters are deőned according to Spieß et al. (2019) as follows:

• Background (BG)

The background is unavoidable and each material and experiment shows a different amount

of background. It is caused by scattering effects, e.g. thermal diffuse scattering and inco-

herent scattering, as well as further inaccuracies during the diffraction experiment. The

existing energy resolution determines the peak to background ratio. Often the background

is not parallel to the horizontal measurement axis and it can also deviate from linear

behavior. Depending on the shape, the background is approximated with a őt function

so that an average value 𝐼BG can be determined. This is subtracted from the maximum

intensity 𝐼max of the reŕection.

• Full width at half maximum (FWHM)

This characteristic value reŕects the width of the peak at half the height of the maximum

intensity 𝐼0.

• Integral breadth (IB)

The integral breadth is the width of a rectangle whose area is equal to the area of the

background-corrected peak at the same intensity maximum.

• Peak position

The scattering angle at maximum intensity 𝐼max is taken as the peak position Θ0. There

are also approaches where the center of gravity is calculated as the position. However,

within this thesis the maximum intensity is used.

• Peak shape

The lower part of the peak shape, i.e. the transition of the peak to the background, can be

asymmetric and is crucial for the choice of the őt function. Fit functions differ strongly in

their goodness of őt for this area.
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Figure 2.23: Parameters for the description of a diffraction proőle according to Spieß et al.

(2019).

The shape of the diffraction proőle can be approximated by different mathematical methods. It

is to distinguish into one-parameter analytical functions like Gauss and Lorentz and composite

functions like Voigt or Pearson. These four functions are the most commonly used empirical őt

functions (Pecharsky and Zavalĳ, 2003). It has to be noted that the Lorentz function can also

be called Cauchy function in stochastics (Spieß et al., 2019). Within this thesis, however, it is

called Lorentz function. Only Gauss, Lorentz and the Pseudo-Voigt function, which is the sum

function of Gauss and Lorentz, are considered. A more detailed explanation of this selection for

the investigations within this study is given in Section 6.2. The following Equations 2.16, 2.17

and 2.18 give the individual functions.

Lorentz 𝐿(𝑥) =
2

𝑃 ⋅ 𝜋

(
1 + 4 ⋅

𝑥2

𝑃 2

)−1

(2.16)

Gauss 𝐺(𝑥) =
1

𝑃
√
2𝜋

⋅ 𝑒𝑥𝑝

(
−𝑥2

2 ⋅ 𝑃 2

)
(2.17)

Pseudo-Voigt 𝑃𝑉 (𝑥) =
(
1 − 𝑚L

)
⋅ 𝐺 + 𝑚L ⋅ 𝐿 (2.18)

In these equations, 𝑃 is equal to FWHM. Using the integral breadth (IB) it has to be adjusted

with IB =
𝑃 ⋅𝜋

2
. The factor 𝑚L reŕects the level of Lorentz proőle portion in the Pseudo-Voigt

function and its value or variation can be an important information for the characterization of

the material. (Pecharsky and Zavalĳ, 2003; Spieß et al., 2019)

Figure 2.24 compares the Lorentz with the Gauss function exemplarily for the (211) lattice plane

of a single-phase ferrite steel. It can be seen that the Lorentz function is much tighter than the

Gauss function, especially close to the maximum intensity. On the other hand, the lower peak
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shape of the Lorentz function is larger than the one of the Gauss function. Both functions are

symmetric functions. In Figure 2.24, it can be seen that for the single-phase steel (HC260Y)

used here exemplarily, the Gaussian function is much closer to the experiment than the Lorentz

function. (Pecharsky and Zavalĳ, 2003)
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Figure 2.24: Comparison of Lorentz and Gauss őt function exemplary calculated for the (211)

lattice plane of a single-phase ferrite steel (HC260Y).

In particular, two properties are valuable for the description of the microstructural behavior

of a material. One is the relative change in peak position and the other in peak broadening.

With the 2 Θ peak position, the lattice strain can be determined, which gives information

about the deformation behavior of particular lattice planes. Peak broadening reŕects besides the

instrumental resolution physical effects such as crystal lattice defects, or distortions, microstrains,

and grain size effects (Zhao and J. Zhang, 2008). The Gauss function describes the amount of

distortion, respectively microstrain, while the Lorentz function describes grain size effects due to

the different properties (Mittemeĳer and Welzel, 2008). However, for a meaningful investigation

of grain size effects, the grain size should be smaller than one micrometer (Pecharsky and

Zavalĳ, 2003). In summary, peak broadening analysis can provide much information about

material behavior.

2.8.4 Experimental State of the Art

Within this section, major studies in the őeld of experimental investigation of materials using

in-situ diffraction tests are brieŕy summarized.

Tomota et al. (2003) investigated low carbon and ultra-low carbon steel by means of in-situ

tensile tests with neutron diffraction. Beside the evaluation of lattice strains, also the dislocation
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density was determined and plotted against macroscopic values. This allowed investigating or

comparing the onset of yielding for multiple lattice planes. The characteristic of grain-to-grain

yielding could be conőrmed, because the (200) lattice plane is elastically more compliant than

the investigated (211) and (110) lattice planes and begins to plasticize at higher true stresses.

In addition, the dislocation density curve for the two steels was compared and a larger increase

with increasing plastic deformation was demonstrated for the ultra-low carbon steel. In this

study, a comparable material was examined as in the present thesis. For this reason, the study

of Tomota et al. (2003) can be used in same extent for veriőcation purposes. However, no

investigations were made into the unloading behavior. Measurement stops had to be acquired

for neutron diffraction patterns, which can lead to different material behavior due to relaxation

effects and the resolution of the results only allowed a rough tendency of the material behavior

to be derived.

X. X. Zhang et al. (2021) and Zhong et al. (2015) both performed in-situ synchrotron diffraction

experiments with aluminum alloys. They showed comprehensive evaluations of the diffraction

proőles and Zhong et al. (2015) introduced a new method for thickness correction on peak

broadening effects. Both evaluated the dislocation densities. X. X. Zhang et al. (2021) performed

a cyclic tensile test and was able to show that the dislocation density decreases during unloading.

This was explained by reverse strain or anelastic strain.

In van Petegem et al. (2016) and Upadhyay et al. (2019), stainless steel was investigated by

neutron diffraction for a biaxial loading case. van Petegem et al. (2016) was able to show that

lattice strains differ signiőcantly depending on the load case by comparing results of uniaxial

with biaxial tests. By observation of the peak broadening during load path changes, a recovery

of the material was noticeable. Elastic dependencies, like the elastic unloading dependent on

plastic deformation, were not part of the investigations.

Dual-phase steels have been investigated in in-situ diffraction tests. Woo et al. (2012) studied

a DP980 steel with neutron diffraction experiments and introduced an evaluation of martensite

and ferrite using the volume fractions of the phases. This approach provided the basis for the

evaluation method used in this work. The in-situ analysis of DP steel in the study of Woo et al.

(2012) was done to calibrate a crystal plasticity model. Elastic behavior was not addressed in

their investigations.

Jia et al. (2009) investigated TRIP and DP980 steel. In-situ tensile tests with synchrotron

diffraction were performed and the particular phases were evaluated separately for the (200)

lattice plane. The results were used for the calibration of a crystal plasticity model. However,

due to the signiőcant anisotropic behavior of the (200) lattice plane, it is difficult to consider the
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results as generally valid for the microstructural behavior. Also, Tomota et al. (2004) investigated

the impact of changes in the chemical composition in a TRIP steel by neutron diffraction. But

in both studies, the elastic or anelastic behavior was not part of the investigation.

2.9 Conclusions

The state of the art shows that the speciőc elastic-plastic material behavior leads to difficulties

in modeling, especially for widely used high strength steel grades. Classical material theories

and parameters, e.g. the mechanical material parameters deőned in the standards, are no longer

sufficient. They do not reproduce the material behavior accurately enough. Studies have shown

that temperature can be used to some extent for determining the onset of yielding, but the

correlation between the temperature minimum and the onset of plastic yielding has not yet been

validated. Furthermore, no deőned determination approach was published. Most explanations

for the material-speciőc characteristics are based on the microstructure. Section 2.8.4 shows

that there are approaches to study the microstructural behavior experimentally. However, there

are still no studies that focus on the elastic, anelastic and elastic-plastic characteristics described

for the materials under consideration. Continuous in-situ cyclic tensile tests and tension-

compression tests are missing for this kind of investigation. This type of experiment and its

evaluation in terms of elastic material behavior is not found in the literature. Furthermore, there

are not really studies on the correlation of microstructural and macroscopic material behavior.

Section 2.8.4 shows that there are őrst approaches to evaluate the dual-phase martensitic-ferritic

steel microstructurally. However, the resolution of the measurements and evaluations as well

as the performed tests allow only limited conclusions on the elastic-plastic characteristics.

Furthermore, for DP steel, phenomena such as early re-yielding or anelastic strain have not yet

been investigated mircostructurally using continuous in-situ tests.
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3.1 Challenge

Section 2.2 clearly shows that there are deviations between the theoretically assumed elastic-

plastic behavior and that which occurs in reality. There is a certain gap between material

theory and material science. Hence, accurate material characterization to provide a suitable

database for modeling approaches is of great importance. The determination of the onset of

yielding and elastic modulus, the strain dependency of elasticity or anelastic behavior, as well

as the Bauschinger effect after changing the load direction make springback prediction a great

challenge. In the material characterization according to standard, imprecise and especially

unphysically deőned limit values or circular references can be found in the determination of

material parameters such as the equivalent yield strength and Young’s modulus (Section 2.4).

Consequently, the results are mostly signiőcant dependent on the experience of the user and thus

less robust. Classically deőned parameters such as the Young’s modulus are no longer sufficient

to describe material behavior. This can lead to a situation where the precision of the material

characterization is no longer sufficient to meet the increasing demands on the simulation.

The most plausible approaches to explain and describe elastic-plastic behavior have been sum-

marized in Section 2. It is mainly explained by processes in the microstructure (Section 2.5.1),

but only a limited number of studies can be found that experimentally investigate relationships

between macroscopic and microstructural material behavior. This is a basic requirement for a

better understanding of materials and thus for better modeling of increasingly complex materials.

In-situ analysis in tensile tests, cyclic tensile tests and tension-compression tests are necessary to

better understand the microstructural behavior and these experimental investigations are highly

complex. They can only be carried out with great experimental effort and costly measurement

technology. In addition, time-synchronous acquisition of microscopic and macroscopic data is

of great importance so that correlations can be derived with high precision. However, it is not

only on the experimental side that challenges arise. The mentioned elastic-plastic characteristics

occur in particular in high-strength, dual-phase steels, whose importance for metal forming is

steadily increasing. The dual-phase steel poses the difficulty of evaluating the martensite and

ferrite phases separately due to their similar crystal structure.

Why is detailed knowledge of material behavior important? Improving the understanding of
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materials can start kind of a chain reaction in sheet metal forming. It makes it possible to develop

and validate new characterization methods and to improve existing methods. A more precise

and comprehensive material characterization in turn leads to the fact that existing modeling

approaches can be extended and improved.

3.2 Research Objective and Approach

In this research study, elastic-plastic characteristics of industrial steel sheets are analyzed by ad-

vanced in-situ synchrotron diffraction experiments to examine material theoretical assumptions

and speciőc phenomena on their material scientiőc basis. In this way, the aforementioned gap

between materials theory and materials science is to be closed. This is done for a single-phase

steel and a high-strength dual-phase steel. For this purpose, an experimental setup and procedure

is developed that allows measuring the macroscopic load, strain and temperature simultaneously

with microstructural parameters such as lattice strains, phase stresses and dislocation densities.

The experiments enable a microstructural analysis of the materials in tensile tests, cyclic tensile

tests and tension-compression tests. The elastic, anelastic and elastic-plastic behavior can be

analyzed and conclusions about the macroscopic material behavior can be found. In particular,

the evaluation of the specimen temperature with regard to extension possibilities in material

characterization is one of the main points. An introduced evaluation method for dual-phase steel

allows the separate evaluation of individual phases despite their crystallographic similarities.

Thus, the physical fundamentals of the occurring elastic-plastic behavior can be analyzed com-

prehensively in order to create the basis to further improve the characterization and modeling of

material behavior in the future.

As summarized in Section 2.4, the determination methods for elastic material parameters are not

clearly deőned and in some way dependent on each other. Equivalent parameters like the YS0.2%
were introduced, which were chosen more or less arbitrarily and have no physical background.

Furthermore, there is a variety of determination methods for the elastic loading modulus and

most of them are strongly dependent on the individual user. Especially the deőnition of lower

and upper limits for the elastic range regarding elastic modulus determination poses a challenge.

Here, a temperature-based determination method will be introduced for the determination of

both, the onset of yielding and elastic loading modulus. It will be tested comprehensively

on its experimental robustness, sensitivity and reproducibility. In addition, a microstructural

validation of the physical basis of the method and its parameters will be given by in-situ

diffraction experiments.
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Section 2.5.1 lists the mechanisms responsible for the anelastic behavior. The conceivable

reasons are related to the microstructural behavior of the material. An in-situ analysis of

these correlations is the subject of this work and a targeted experimental procedure provides

information on the material-speciőc characteristics addressed. The use of high-energy and

brilliance synchrotron radiation allows transmission diffraction experiments and lattice strains,

phase stresses as well as dislocation densities are determined. Correlations are derived with

the relatively high in-situ diffraction measurement frequency (1 Hz) and time-synchronous

measurement of the macroscopic material behavior. With the high resolution synchrotron

measurements and additional SEM analyses, the phase-speciőc evaluation of martensite and

ferrite is signiőcantly improved in this work. The use of industrial steels in the form of

sheets ensures the industrial importance of the study due to the need for accurate springback

predictions.

3.3 Structure of the Research Study

A detailed overview of the approach taken in this study and the structure of this thesis is presented

in the following. Chapter 2 discusses the basis for and the state of the art in the addressed research

őeld. At the beginning, the principles of the material theory are discussed and it is shown how

the actual material behavior deviates from it. This concerns the springback of steel materials

and its prediction, which is why springback is introduced in a separate section. After explaining

the principles of springback, the mentioned challenges for the description of elastic material

behavior are discussed in detail. The state of the art in research is given for each elastic-plastic

phenomena. Then, microstructural fundamentals and parameters used in the work are explained.

Since the measurement of the specimen temperature and thus the thermoelastic effect plays an

important role in this thesis, this effect is explained separately and its state of the art in research

is reviewed and classiőed.

In Chapter 4, the basic mechanical and metallurgical properties of the considered materials are

introduced. These are a single-phase and a high-strength dual-phase steel.

Chapter 5 summarizes the experimental methods used within this study. In general, it is about

the measurement system and data processing. The basic test procedure for cyclic tensile tests

and tension-compression tests is described. Finally, the idea of the developed experimental

setups is transferred to a further setup that allows in-situ diffraction experiments in a particle

accelerator.
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The applied and partly newly developed evaluation approaches are described in Chapter 6. First,

the evaluation of the thermoelastic effect is discussed. New determination methods for the onset

of yielding and the elastic loading modulus are introduced. Afterwards, the methods for the

evaluation of diffraction proőles are described, so that the determination of lattice strains and

dislocations can be understood. Since the evaluation of the dual-phase steel is different from the

single-phase material, the approach found is explained in a separate section.

All őndings with regard to the investigated material behavior are reported in the results, Chap-

ter 7. For better comprehensibility, the presentation of the results and their discussion have

been combined in this chapter. Again, the őrst part deals with the results of the temperature

measurement during the tensile tests and tension-compression tests. The main part of this thesis

is the correlation of the microstructural results with the macroscopic material behavior described

in Chapter 7.2. The chapter is divided into the addressed elastic-plastic characteristics of steel

sheets.

Chapter 8 interprets the results of this study and their potential for modeling. For this purpose,

a widely used hardening model is calibrated on the one hand with the temperature-based deter-

mined parameters and on the other hand conventionally according to the standard. The potential

of the new approach is demonstrated in a one-element test. Furthermore, the phenomenon of

material recovery and its effect on the elastic behavior is discussed.

Finally, this thesis ends with a summary and outlook (Chapter 9). Possible next steps are

discussed to ensure continued improvement in experimental approaches and numerical simula-

tion.

The structure of the research study is shown in Figure 3.1 for a better overview. The key scientiőc

subjects in this work have been highlighted in blue.
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Macro Level

Section 5.1, 5.2

Development of data acquisition and test 

setup to measure load, strain and temperature

synchronously

Section 6.1

Temperature-based determination of elastic 

parameters for onset of yielding, re-yielding 

and elastic loading modulus

Section 7.1

Macroscopic analysis and validation of 

temperature-based determination methods 

and parameters

Section 7.2

Analysis of microstructural and macroscopic specific material behavior with 

regard to the onset of yielding, loading modulus, anelasticity and re-yielding

Application of temperature-based parameters in isotropic-kinematic 

hardening model and discussion of findings on material behavior

Section 6.2

Peak analysis to evaluate lattice strains and  

dislocations densites

Developement of an evaluation approach for 

dual-phase steel

Section 5.3
Development of tension-compression test

Elastic-plastic material characterization In-situ diffraction experiments

Section 5.4 

Transfer to in-situ diffraction experimental setup 

for time-synchronous acquisition of micro and 

macro data

 Validation of the test results of the different test 

setups 

Chapter 5 Experimental Methods

Chapter 6 Evaluation Methods

Chapter 7 Results and Discussion

Chapter 9 Summary and Outlook

Chapter 8 Interpretation and Transfer

Micro Level

Temperature-based material 

characterization

Diffraction peak profile analysis

Correlation of macroscopic and microstructural material behavior 

Figure 3.1: Structure of the research project. The particular chapters and sections are assigned
to the macro or micro level with the key scientiőc subjects highlighted in blue.





4 Materials

This chapter summarizes the main metallographic, chemical and mechanical properties of the

materials investigated. These are two different types of steel. It is a single-phase, purely ferritic

steel (Section 4.1) and a dual-phase martensitic-ferritic steel (Section 4.2). All investigations in

this study were carried out on sheet materials.

For metallurgical testing, samples were taken from the materials and embedded in a synthetic

resin. Subsequently, the surface was polished in an iterative grinding process. The micrographs

were taken with an relfected light microscope.

The shown chemical compositions of the materials are determined by an Optical Emission

Spectrometer (OES). A prepared specimen of each material is tested at őve different points and

the evaluation takes place using iron-based calibration curves.

The basic mechanical properties in the the stress-strain curve were recorded in a tensile test

machine (see Section 5.1) in accordance to DIN EN ISO 6892-1. The stress-strain plots shown

in Sections 4.1 and 4.2 show the curve averaged from three experiments. Both, the measurement

of the mechanical behavior in a quasi-static tensile test and the determination of the parameters

were done according to DIN EN ISO 6892-1. For all tensile tests within this thesis, the specimen

geometry form H 50 is used according to DIN 50125. Figure 4.1 shows the geometry used. The

specimens were taken from the sheet with the long side in the rolling direction (RD) and the

dog bone geometry was processed by milling. It should be noted that all tests in this thesis were

carried out in the rolling direction.
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Figure 4.1: Technical drawing of the used specimen geometry. Lengths are given in millimeters.
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4.1 Single-Phase Steel

A low carbon, interstitial free (IF) and purely ferritic bcc steel with a sheet thickness of 1 mm

was investigated. It is called HC260Y according to DIN EN 10268 or CR240IF according to

VDA 239-100. Within this thesis, the designation HC260Y is used. The properties of the

material are brieŕy discussed in the following.

Interstitial free means that this material has only a low content of alloying elements such as

carbon and nitrogen embedded in interstitial lattice positions, which enhances the dislocation

movement and thus plastic deformation (Bode et al., 2000). The material is stabilized by titanium

and niobium and the strength classes are produced by the addition of solid solution strengthening

alloying elements (Stahl GmbH, 2018b). Despite the increased costs of processing, the material

is widely used because of its insensitivity to aging (Bode et al., 2000). In addition, it exhibits

good forming properties but with increased yield strengths compared to classical mild steels

(Stahl GmbH, 2018b). Table 4.1 gives the chemical composition of the material used for this

study. Figure 4.2 (a) shows the microstructure of this steel grade. The mean grain size is below

20 ➭m, which is signiőcantly smaller than grain sizes of classical mild steels (e.g. DC06) and

beneőcial for the counting statistics of the diffraction experiments. In Figure 4.2 (b), the true

stress versus true strain curve can be seen. The equivalent yield strength is 292 MPa and the

tensile strength 425 MPa.
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Figure 4.2: (a) Microstructure and (b) true stress versus true strain curve for HC260Y in RD.

Table 4.1: Chemical composition of HC260Y in [%] - mass fraction according to DIN EN 10268.

C Si Mn P S Al Ti Nb

HC260Y 0.004 0.123 0.770 0.063 0.007 0.046 0.046 0.030
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4.2 Dual-Phase Steel

The mechanical properties of multiphase steels are mainly based on the properties of the phases

present. This is unlike HC260Y, where the strength depends on inclusions and the solid

solution. Due to a special procedure (heat treatment) during rolling of the material, austenite

is accumulated, which is transformed into martensite during rapid cooling. To achieve this, a

suitable ratio of about 80 % ferrite and 20 % austenite is required. During the transformation

from austenite to martensite, there is an increase in volume. This deforms the surrounding ferrite.

This leads to a particularly smooth elastic-plastic transition. (Berns and Theisen, 2008)

It has already been mentioned that this type of steel is getting more and more in focus of industry.

This is due to the comparatively low yield strength with high tensile strength, hardening and

elongation at fracture (Stahl GmbH, 2018a). The good strength-to-weight ratio qualiőes this

material in particular for crash-relevant components in the car body (kloeckner metals, 2021).

There are several designations for the DP steel studied in this work. According to VDA

239-100, the designation is CR590Y980T. According to DIN EN 10338, the steel grade is

called HCT980X. For simplicity, the material is designated DP1000 in this work. Table 4.2

summarizes the chemical composition of the material used. Figure 4.3 (a) reŕects the micrograph

of the microstructure. The material is őne-grained compared to HC260Y. The dark spots show

the martensite, while lighter areas reŕect the ferrite phase. The larger white areas are ferrite

segregations. On average, this steel grade has a grain size of 2➭m (Liu et al., 2020). Figure 4.3 (b)

shows the true stress versus true strain curve. The aforementioned soft transition from elastic to

plastic deformation is clearly visible. Due to the high equivalent yield strength of approximately

700 MPa, a large elastic range occurs with this material. This property consequently leads to a

large recovery, respectively springback strain. The tensile strength is 1047 MPa.
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Figure 4.3: (a) Microstructure and (b) true stress versus true strain curve for DP1000 in RD.
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Table 4.2: Chemical composition of DP1000 in [%] - mass fraction according to DIN EN 10338.

C Si Mn P S Al Cr+Mo Nb+Ti V B

DP1000 0.12 0.20 2.00 0.02 0.01 0.18 0.40 0.07 0.01 0.01
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This chapter describes the experiments performed for this thesis. Besides comprehensive studies

on a macro scale in cyclic tensile tests and tension-compression tests, synchrotron diffraction

experiments were performed to investigate the material on a micro scale.

5.1 Measurement Systems and Data Acquisition

Regarding the experiments, two aspects are especially important for the analysis in this thesis.

These are a highly accurate measurement of the signals and a suitable data processing, i.e.

time-synchronous acquisition of the data. A comparison of the macroscopic behavior with pro-

cesses in the microstructure in a continuous experiment is only meaningful if time-synchronous

measurement of the parameters is ensured.

This work distinguishes between two different experimental setups. This is the experimen-

tal setup for macroscopic experiments (utg setup) and the experimental setup for the syn-

chrotron diffraction experiments (DESY setup). Both setups allow for cyclic tensile and tension-

compression testing. Table 5.1 gives an overview of the used experimental and measurement

systems for the two different setups.

Table 5.1: Overview of experimental setups and measurement systems used.

Setup name (a) utg (b) DESY

Test machine ZwickRoell (ZR) Z150 Self-developed test machine

Strain LaserXtens (optical) Strain gages (tactile)

Load Load cell (max. 150 kN) Load cell (max. 50 kN)

Temperature PT1000 (Class B) applied with plastic clip

Data acquisition system QuantumX MX840B

Data acquisition software HBM Catman

In setup (a), the universal test machine ZwickRoell Z150 is used. This corresponds with the

latest standards in material testing and is characterized by high positioning accuracy of the

crosshead. Due to a clearance-free mandrel, a reasonable measurement is also possible during
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load path changes. The built-in load cell measures up to a maximum load of 150 kN in both

compression and tension. In setup (b), a self-developed test machine is used. This machine was

developed especially for diffraction experiments and is characterized by its ŕexible application

and small size (Hoelzel et al., 2013). The load cell used can measure up to 50 kN in tension and

compression.

The ZR LaserXtens measures elongation via a laser speckle pattern and two markers that are

tracked during the test. It is therefore an optical extensometer. This measuring system is

permanently installed on the test machine (utg setup) and cannot be used in the DESY setup. For

this reason, the strain is measured in the DESY setup using strain gages. Here the strain gages

KYOWA KFGS-02-120-C1 for strains up to 8 % and KYOWA KFEM-05-120-C1 for strains up

to 15 % are used. In Section 5.4, the experimental setup for the in-stu diffraction experiments is

described in detail. To ensure that both experimental setups provide the same results, the entire

test machine from DESY setup was installed in the ZR test machine. This made it possible to

match the test machines and their strain measurement systems.

The specimen temperature was measured for both setups using a platinum resistance thermometer

(PT) of the type Heraeus Nexensos M222 PT1000. This sensor has a measuring range of -70 °C

to +500 °C and accuracy class B. The electrical resistance is at 1000 Ω and the temperature

can be converted by means of a linearization table, since the electrical resistance of platinum

to temperature is approximately linear (Bernhard, 2004). It is deőned in the standard DIN EN

60751.

Figure 5.1 (a) shows the PT1000 sensor used for the experiments within this thesis graphically.

The platinum base is 2.1 × 2.3 mm2. The sensor can be connected to the data acquisition system

via the solder pins. In Figure 5.1 (b), the plastic clamp used for the application of the PT1000

sensor on the tensile specimen can be seen. It is a commercially available clip.

2.1 mm

Platinum

Solder pins

2.3 mm

10 mm27 mm

15 mm

(a) (b)

Figure 5.1: Graphical illustration of (a) PT1000 sensor and (b) commercially available plastic

clip used for the application on the tensile specimen.
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The universal measuring ampliőer QuantumX MX840 from HBM was used for signal process-

ing. This has an accuracy class of 0.05 % and a maximum measurement frequency of 40 kHz.

The data was processed using HBM’s Catman software. This software offers the possibility

to convert the sensor signals into the desired unit. It has already been emphasized that time-

synchronous measurement is essential for the study. For this reason, the load and strain were

taken in the form of 0 ... 10 V signals directly from the machine and read into the measuring

ampliőer. In addition to the stress and strain, the specimen temperature was also recorded in the

same way. With this approach, time delays caused by triggers, e.g. between the machine control

and the data acquisition, are avoided.

Figure 5.2 shows an overview of the experimental setup and the data acquisition approach. The

macroscopic parameters load, elongation and temperature were directly connected to the ampli-

őer. In the DESY setup, the acquisition of the diffraction proőles was additionally synchronized

with the data acquisition system.

Elongation

Load

Specimen temperature

0 ... 10 V

0 ... 10 V

Machine control Data acquisition

Macroscopic data

Microscopic data

Figure 5.2: Overview of the data acquisition for both utg and DESY setup.

5.2 Cyclic Tensile Test

Cyclic tensile tests are suitable for investigating the plastic strain dependency of elastic material

behavior due to multiple unloading-reloading cycles at increasing plastic strain. This is a variant

of the classic tensile test in which the specimen is tensioned to certain elastic-plastic strains and

then unloaded, usually to zero stress. Afterwards, the specimen is tensioned again to the next

strain value. Thus, it is possible to analyze both the elastic unloading curve and the reloading

curve as well as to assign the behavior to a true plastic strain value. Figure 5.3 exemplary shows
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the true stress versus true strain curve of a cyclic tensile test for DP1000. An unloading-reloading

cycle was performed every 1.5 % engineering strain. Within this work, a distinction is made

between initial loading, unloading and reloading (Figure 5.3 (b)).
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Figure 5.3: (a) True stress versus true strain curve of a cyclic tensile test for DP1000 and (b)

enlarged view of area A with classiőcation of curve sections.

Anelastic material behavior affects in particular the lower part of the unloading curve. The basic

requirement for the investigation of this area is that the test setup, respectively the clamping of

the specimen, is as stiff as possible. For this reason, wedge grips, which are usually used for

clamping the specimens in tensile tests, are not suitable because they őrst tighten during the test.

For the tests in this study, horizontally clamping specimen grips were developed (Figure 5.4).

The clamping force is applied via four screws and positioning is ensured via guiding pins.

Specially knurled and hardened clamping inserts ensure high friction between specimen grips

and tensile specimen so that no slippage occurs. The grips can be used in both test setups.

M6 screws

Guiding pins

High friction clamping inserts

85 mm

60 mm

Figure 5.4: Horizontal clamping specimen grips, specially designed for cyclic tensile tests.
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5.3 Tension-Compression Test

A variety of different experimental approaches for the investigation of the material behavior after

load path change, respectively the Bauschinger effect, can be found in literature (Gau and Kinzel,

2001). Marciniak (1961) investigated the Bauschinger effect for copper using an in-plane torsion

test, which was further developed by Tekkaya et al. (1982) and Yin et al. (2015). In Weinmann

et al. (1988), pure bending tests were performed to characterize the Bauschinger effect. Miyauchi

(1992) investigated the effect by means of a shear test named after him. A widely used approach

is the uniaxial tension-compression test. This type of test has the disadvantage that the specimen

tends to buckle in compression. Buckling can be prevented by adjusting the specimen geometry

(Hetz and Merklein, 2019). For this, the gauge length is chosen small and the width of the

measuring area is only slightly larger than the thickness of the sheet. Thus, the geometry is

similar to a bar, which is more stable in terms of buckling. Another approach is to use a buckling

support. Here, the specimen is supported perpendicular to the load axis by a suitable őxture

(Kuwabara et al., 2009).

In the context of this work, a classical uniaxial tension-compression (TC) test will be used to

investigate the Bauschinger effect, or the re-yielding behavior. This type of test was chosen

because the results will be compared with the results of the cyclic tensile tests. The usage of the

same specimen geometry (Figure 4.1) for both tests ensures good comparability. On the other

hand, only a small amount of construction space is available, in particular for the in-situ tests.

The requirements for the TC test setup can be summarized as follows:

• Use of specimen geometry Form H 50×12.5 according to DIN 50125

• It must be ensured that the specimen does not buckle during the test

• Can be installed in utg setup as well as DESY setup

• Possibility for optical strain measurement and simultaneous measurement of specimen

temperature with PT1000 sensor in the utg setup

• Possibility of synchrotron transmission measurement and simultaneous strain measure-

ment with a strain gage as well as temperature measurement with a PT1000 sensor in

DESY setup
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5.3.1 Test Setup

The following describes the test setup developed based on the requirements for the tension-

compression tests in this study. The test setup for the tensile test (see Section 5.2) was extended

so that compressive loading of the ŕat specimen is possible. Therefore, additional parts are

necessary, which prevent the specimen from buckling. In literature, anti-buckling supports can

be found, which are directly attached to the specimen (Cao et al., 2009) and approaches, which

are combined with the specimen grips (Chang et al., 2020). One of the latter was presented by

Kuwabara et al. (2009) and was the basis for the experimental setup developed in this study. This

system is based on interlocking teeth, which allow elongation or compression of the specimen,

but prevent buckling. Figure 5.5 shows the setup developed for the TC tests within this thesis.

Thermal insulation plate

Positioning pin

6 mm

Upper buckling support

Lower buckling support

Solid-state clamp

Measuring window

Top view measuring window

Specimen

~18 mm

Figure 5.5: Specimen grips including anti-buckling support with thermal insulation plates for
the TC test. Additionally, a top view of the measurement window is shown. PT1000
sensor can be applied via the solid state clamp in the measurement window.

The specimen grips of the standard tensile tests and cyclic tensile tests are used for clamping the

specimens (see Figure 5.4). Buckling supports are mounted to these on both the lower and upper

sides. Positioning pins ensure precise positioning during assembly. Interlocking teeth support

the specimen perpendicular to the direction of loading. The supporting force can be adjusted

via four screws and a torque wrench. A measuring window with a size of 18 × 6 mm2 in the

initial state enables the attachment respectively the use of measuring equipment. In the DESY

setup, the strain gage KYOWA KFGS-02-120-C1 is applied in this. In the utg setup, an optical
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extensometer with a gauge length between 8 mm and 12 mm is used. Between the two optical

markers, the PT1000 sensor is clamped onto the sample with a 3D printed solid state clamp

(see Figure 5.5). In addition, thermal insulation plates with a thickness of 3 mm are inserted

between the buckling support and the specimen in the utg setup for temperature measurement.

These are intended to reduce inŕuence on the temperature signal due to thermal conduction

between the specimen and the steel anti-buckling supports. The insulation material (KV3)

with a thermal conductivity coefficient of 0.25 W/mK and a maximum compressive strength at

room temperature (RT) of 700 N/mm2 was used (Brandenburger Isoliertechnik GmbH & Co.

KG, 2022). In comparison, the thermal conductivity coefficient of steel is around 50 W/mK

(A. Böge and W. Böge, 2021). The effects of the insulation plates and their necessity for

temperature measurement in the TC tests are clariőed in Section 7.1.4. To keep the friction

between the specimen and the plates low, they were specially coated. Furthermore, a lanolin-

containing lubricant is used to reduce friction between specimen and isolation plates in the utg

and specimen and anti-buckling support in the DESY setup.

5.3.2 Test Procedure

A precise test procedure for the TC test is of particular importance due to the complicated

installation of the specimen and attachment of the measurement equipment in the limited area

of the measuring window. Possible inŕuences due to buckling or friction must be excluded or

precisely detected. In addition, it is challenging to obtain consistent results with two different

experimental setups (utg and DESY setup), which is mandatory for the analysis within this thesis.

The detailed procedure is described in the following.

1. Before the test, the milled edges of the specimen are deburred, as the burr could increase

friction and the cross-sectional area of the specimen is measured.

2. The specimen is placed in the specimen grips, levelled vertically, and clamped. Therefore,

15 Nm are applied to each of the four clamping screws of the specimen grips.

3. In case of the DESY setup, the strain gage has to be applied so that it őts into the measuring

window, when the specimen is mounted.

4. Lubricant is applied to the areas of the specimen that are in contact with the buckling

support.

5. After clamping, the specimen is loaded to 100 N.
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6. Now, the buckling support is attached and the four screws are each tightened with 0.4 Nm.

These values are based on preliminary tests, which were compared with standard tensile

tests without anti-buckling support on the one hand and examined for possible buckling

on the other. Via a groove with a őt in the specimen grips and the positioning pins, the

anti-buckling supports are aligned with each other.

7. In case of temperature measurement (utg setup), the PT1000 sensor is placed in the center

of the measuring window with the solid state clamp.

Figure 5.6 shows a comparison of the true stress versus true strain curves of a TC test with

the material HC260Y of the utg and the DESY setup. The curve of a standard tensile test was

additionally plotted as a reference in order to investigate a possible inŕuence of the buckling

support on the stress-strain behavior. It has to be emphasized that two different test machines

including load cells and two different strain measurement systems were used. The stress-strain

curves for both the cyclic tests and the TC tests were obtained reproducibly without signiőcant

scatter.

0 0.01 0.02 0.03 0.04

True strain [-]

-400

-200

0

200

400

T
ru

e
 s

tr
e

s
s
 [

M
P

a
]

utg setup

DESY setup

Reference

Figure 5.6: HC260Y - Comparison of the TC test with utg and DESY setup and with a reference
stress-strain curve of a standard tensile test.

5.4 Synchrotron Diffraction Experiments

In the following, the synchrotron measurements at DESY are discussed in more detail. As

already mentioned, a separate experimental setup was necessary for the measurements, which

is referred to as the DESY setup.
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Figure 5.7 shows the experimental setup for the in-situ tensile tests. The setup for the TC tests is

analogous, except that the buckling support is mounted. The setup consists of the beam source,

the detector and the tensile test machine, which was mounted on a xyz displacement stage.

Beam source

Tensile specimen

Detector

Clamping grips

Load cell

xyz - Stage

Scattering cone

Beam stop

Tensile test machine

Figure 5.7: Tensile test setup of in-situ synchrotron diffraction experiments at HEMS (DESY,

Hamburg).

The synchrotron beam comes tangentially out of the acceleration ring and was monochromatized

by a single bounce monochromator. With a ŕat water-cooled Laue crystal Si (220), a wavelength

of 0.14235 Å was achieved. The resulting beam had an initial cross section of 0.7× 0.7 mm2. Six

Debye-Scherrer rings could be completely detected with the distance set to 1062 mm between

the specimen and the detector. For a higher resolution study of the DP steel, the specimen

to detector distance was increased to 1605 mm. With this setting, only three lattice planes

could be imaged, but with better resolution and statistics. All specimen to detector distances

were determined with Lanthanum Hexaboride (LaB6) measurements. In addition, the beam was

reduced to 0.5 × 0.5 mm2 for DP1000 measurements. The detector used was a Perkin Elmer

XRD ŕat panel with a resolution of 2048 × 2048 pixels. The pixel size was 200 × 200 ➭m2.

While measurement stops in the range of minutes were necessary for diffraction experiments

with neutrons and a similar material (Vitzthum et al., 2017), synchrotron measurements take

only a few seconds. The aim was to measure the sample temperature synchronously in order

to compare it with the microstructural behavior. For this reason, a continuous tensile test was

required, since a meaningful, simultaneous measurement of the thermoelastic effect would not

have been possible with measurement stops. The highest possible measuring frequency of the

detector of 1 Hz was set in order to manipulate the data as little as possible.
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The tensile test machine was specially developed for diffraction experiments (Hoelzel et al.,

2013). The specimen grips, PT1000 sensor, sensor application clamp and general data acqui-

sition system used were the same as in the utg setup and an overview is given in Table 5.1.

To measure the macroscopic strains, strain gages (KYOWA KFGS-02-120-C1) with a capacity

of about 8 % engineering strain were used for the dual-phase steel, and special strain gages

(KYOWA KFEM-05-120-C1) for high strains (up to around 15 %) were used for the single-

phase steel. The strain gages were directly connected to the data acquisition system. In order

to evaluate the thermoelastic effect for several elastic loadings and unloadings dependent on

true plastic strain, mainly cyclic tests were performed, as described in Section 5.2. TC tests

according to Section 5.3 were conducted for the microstructural investigation of the Bauschinger

effect. Since the test setup did not allow deőned strain values to be approached for the individual

cycles, the őrst cycle was performed after 1.5 mm and all further cycles after 3 mm crosshead

travel in each case. As strain rate, 1.5 ×10−4 s−1 was chosen, which is as low as possible to

detect a high number of diffraction proőles during the experiment and at the same time high

enough to measure the specimen temperature still reliably. In order to perform a locally accu-

rate measurement, the xyz stage was moved in the opposite direction at half speed during the

test. The diffraction proőles were recorded synchronously in time with the macroscopic data

acquisition (see Section 5.1) using the instrument control. The temperature in the laboratory

was kept constant at 20 °C by an air conditioning system.
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In this chapter, the evaluation methods used in this work are described in detail. As already shown

in the big picture in Figure 3.1, a distinction is made between methods at the macro and micro

level. At the macroscopic level, the temperature-based determination of parameters is presented.

At the microscopic level, the approach to the determination of microscopic quantities based on

diffraction data is explained. The dual-phase steel is dealt with separately in Section 6.2.4 due

to the increased complexity in the evaluation.

Some of the evaluation methods are developed by the author such as the temperature-based

determination of the onset of yielding and the elastic loading modulus. Some are based on

already known approaches, such as the determination of the dislocation density according to

Williamson and Hall (1953).

6.1 Temperature-based Determination Methods

The evaluation of temperature-based elasticity parameters using the thermoelastic effect is

discussed in this section. While the thermoelastic effect has been known for a long time, the

author has newly introduced evaluation methods for the onset of yielding and the elastic loading

modulus. The basic parameter is the yield stress at temperature minimum, which is called

YSTmin in the following. The parameter to describe the onset of plastic yielding is the yield

stress at zero plastic strain, or YS0. First, the hypothesis on which the evaluation methods are

based is presented. Then, the determination of the onset of yielding and loading modulus will

be discussed in detail.

6.1.1 Hypothesis

The thermoelastic effect has already been explained in detail in Section 2.6. It is an interaction

of elastic cooling and plastic heating that leads to a characteristic minimum in the case of tensile

loading. Now, to evaluate the plastic onset of yielding based on the temperature change, the

relationship between the temperature and the elastic-plastic strain must be understood. For this

purpose, a hypothesis was found.
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Figure 6.1 shows the true stress versus true strain curve and the corresponding relative temper-

ature versus true strain curve of a uniaxial tensile test for HC260Y. To better understand the

relationship between temperature and the elastic-plastic transition, it is necessary to think about

the state at temperature minimum (Tmin). This state has to be the balance between elastic cool-

ing and plastic heating, like illustrated in Figure 6.1. This means that plastic yielding has already

started before. In Section 2.6, it was already discussed that during pure elastic deformation, the

temperature change is linear. Hence, the real onset of plastic yielding must be the deviation

from linearity in the temperature signal.
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Figure 6.1: Stress-strain curve with relative temperature and theoretically calculated tempera-

ture for HC260Y. Parameters YS0 and YS𝑇𝑚𝑖𝑛 are marked. The hypothesis on the

relationship between Tmin and onset of yielding is shown. (strain rate 0.00015 s−1)

Figure 6.1 additionally shows the theoretical slope of the temperature decrease calculated with the

linear thermoelastic Equation 2.12 in Section 2.6.2. For the material-speciőc parameters required

for this purpose, literature values for steel were used. The thermal expansion coefficient 𝛼 was

set to 12 ⋅ 10−6K−1 (Weißbach et al., 2015). The speciőc heat capacity 𝐶 was assumed to

be 481 J kg−1K−1 and the density of steel 7850 kg m−3 (Doege and Behrens, 2010). The

initial temperature 𝑇0 was set to 293.15 K, which corresponds to the room temperature. It can

be seen that at the beginning of the deformation, the slope of the experimental temperature

curve is similar to the theoretical one. Equation 2.12 is only valid for linear elastic behavior.

Accordingly, heating due to plastic deformation cannot be reproduced. Thus, if the experimental

and theoretical curves differ, it can be assumed that plasticity sets in. The comparison of the

experimental and theoretical curves conőrms that plastic deformation is already present before

Tmin. Furthermore, the initially similar slopes of the experimental and theoretical temperature
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curve suggest that thermal convection and conduction are negligible for the experiment shown.

In summary, this means that during purely elastic deformation, the temperature decreases linearly

until the onset of plastic deformation causes the linearity to be lost, since it leads to heating.

The inŕuence of the temperature by plastic deformation could be shown by comparison with the

theoretically calculated temperature. In Tmin the elastic cooling and plastic heating are around

equilibrium and after that the plastic deformation is predominant and thus the specimen heats

up again. Therefore, if one wants to deőne the onset of yielding via the temperature signal, one

has to determine the time of the end of the linear temperature behavior.

6.1.2 Onset of Yielding

Figure 6.2 (a) shows exemplarily the true stress versus time and relative temperature versus time

curves for HC260Y. Plotted are the initial loading and one unloading-reloading cycle of a uniaxial

tensile test. The parameter YSTmin is the stress value at the time of Tmin and can accordingly be

determined directly without additional evaluations. It can be seen that the parameter YSTmin is

in the transition range between the initial elastic slope and the slope in the elastic-plastic range.

This indicates that plastic deformation already occurs before Tmin as hypothetically assumed.

The temperature signal is approximately linear during elastic loading (el), elastic-plastic defor-

mation (pl) and elastic unloading (eul) (see Figure 6.2 (a)). Only the slopes of the signal for

these conditions are different. For the test shown in Figure 6.2, the temperature behavior in

the individual conditions el, pl and eul can be clearly distinguished. The initial decrease and

the minimum can be seen, as well as a slope change between elastic-plastic deformation and

elastic unloading. The őrst derivative or gradient of the signal is suitable for the determination

of these slope changes. Linear behavior means constant slope and thus a horizontal line in the

őrst derivative. Figure 6.2 (b) shows the temperature gradient curve to the temperature curve

in (a). The approach of őnite differences was used for the derivation in order to manipulate the

data signal as little as possible and smoothing was omitted to avoid errors. The temperature

gradient 𝑇̇ was calculated by

𝑇̇𝑗 =
𝑇𝑗+1 − 𝑇𝑗−1

𝑡𝑗+1 − 𝑡𝑗−1
, (6.1)

with the temperature 𝑇 and the time 𝑡. Small ŕuctuations in the temperature signal lead to a

more signiőcant noise in the temperature gradient, which can be seen in Figure 6.2 (b). However,

since the corresponding data ranges are őtted with linear regression lines (comparable with a

low pass őlter), an inŕuence of the noise is negligible.
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As described in Section 6.1.1, it is assumed that the őrst deviation from linear behavior occurs

due to the onset of plastic deformation and this point in time is to be determined by means of

an evaluation method. For this purpose, a time-dependent evaluation method according to Volk

and Hora (2011) is used. The idea behind this is that the change in slope is determined by means

of two regression lines. Their intersection point, respectively an angle bisector on the data signal

is then assumed as beginning of the slope change.
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Figure 6.2: HC260Y - (a) True stress versus time and relative temperature versus time curves

with Tmin and YS𝑇𝑚𝑖𝑛. (b) True stress versus time and temperature gradient versus

time curve. The linear regression lines for the determination of YS0 are marked.

In Figure 6.2 (b), the horizontal and vertical linear regression lines are plotted. They are

determined on basis of the green (horizontal) and blue datapoints (vertical). The evaluation

method is developed in such a way that the size of these datapoint ranges depend on the

respective measurement frequency of the test and can be adjusted by the user if necessary. The

datapoints are then shifted through the temperature gradient data curve using a step size, which

also depends on the measurement frequency of the experiment. For each step, the slope and
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the goodness of őt are calculated. To determine the intersection point, the regression line with

the largest slope for the vertical őt and the one with the smallest slope for the horizontal őt

are selected. The sensitivity of this evaluation is further discussed in Section 7.1.2. After the

intersection point is found, an angle bisector is calculated on the data signal and the time point

for the yield stress at zero plastic strain YS0 in the stress curve is determined.

6.1.3 Elastic Loading Modulus

Various approaches for the determination of the loading modulus have already been discussed in

Section 2.4.2. A distinction was made between limits, őtting and deformation work approaches.

Now, based on the method in Section 6.1.2, a temperature-based approach is explained that

can be assigned to both limits and őtting approaches. Most of the methods described have in

common that no upper limit for purely elastic behavior can be deőned for a continuous elastic-

plastic transition. With the temperature-based method, it is now possible to determine this value

with YS0. Using this parameter as an upper limit, the entire purely elastic range is used for the

determination of the loading modulus. Thus, the method has a physical and material-speciőc

background. In order to avoid possible experimental errors in the evaluation, the value of 5 %

of TS is deőned as the lower limit according to Sonne (1999). A linear regression is formed

with the datapoints between the lower limit and YS0. Its slope represents the temperature-based

determined loading modulus EYS0. Figure 6.3 shows this determination exemplarily for a cyclic

tensile test with HC260Y.
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Figure 6.3: HC260Y - Example of the temperature-based determination of EYS0 for the initial

and őrst reloading in a cyclic tensile test.
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6.2 Microscopic Evaluation Methods

In the following, the evaluation procedure of the diffraction proőles detected in the synchrotron

experiments (Section 5.4) is described speciőcally in context with this study. The principles for

the evaluation of Debye-Scherrer rings and the corresponding peak proőles were described in

Section 2.8. With the chosen settings, the measurement system provides full Debye-Scherrer

rings for őve lattice planes for the single-phase HC260Y and three lattice planes for the dual-

phase DP1000. The evaluation of DP1000 differs from that of HC260Y. For this reason, it is

discussed separately in Section 6.2.4.

6.2.1 General Proőle Analysis

The relevant peak information, the center position, integral peak intensity, maximum peak inten-

sity, the background and the shape are extracted from the Debye-Scherrer rings. Figure 6.4 shows

this procedure schematically. First, the Debye-Scherrer rings are detected from the synchrotron

transmission measurements. Then, the intensity of sectors with a speciőc angular range (±10◦)

of the Debye-Scherrer rings is integrated up longitudinally (blue) and transversely (green) to the

loading direction with the proőle analysis software Fit2d (see Figure 6.4) (Hammersley, 1997).

This means that the individual Debye-Scherrer rings are radially summed up. The intensity is

equivalent to the counts of detected radiation dependent on the 2 Θ angle. This results in one

dimensional diffraction proőles. The same angular range was used for all evaluations in this

study. To increase counting statistics for precise evaluation of the dual-phase material, the lower

sector (shown blue dotted in Figure 6.4 in the schematic detector image) was summed with the

upper longitudinal sector. A diffraction proőle is obtained for each individual measurement and

the particular peaks can be evaluated for the corresponding 2 Θ range, respectively (hkl) lattice

planes.

Figure 6.4 shows the diffraction proőle for the upper longitudinal sector for HC260Y. Five peaks

are visible in the proőle. These can be assigned to the lattice planes on basis of a powder

diffraction table. The lattice plane (110) shows the highest intensity. In contrast, the lattice

plane (200) shows the lowest intensity, but zoom A in the őgure shows that this peak is still well

deőned and can be evaluated. For this material, the őve lattice planes shown were evaluated.

Due to the larger specimen to detector distance, only the lattice planes (110), (200) and (211)

could be evaluated for DP1000.
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Figure 6.4: General procedure for the evaluation of Debye-Scherrer rings and diffraction proőle

for HC260Y.

It has already been described in Section 2.8.3 that microstrains in the form of distortions,

respectively dislocations can be evaluated by comparing the peak width of individual Gauss

peak őts. Both the HC260Y and the őne-grained DP1000 have grain sizes >1 ➭m. For this

reason, an evaluation of additional grain size effects by means of a Lorentz function is not

reasonable (Pecharsky and Zavalĳ, 2003). Hence, all peak őts within this study are performed

with a Gauss function. In Figure 2.24, a Gauss őt function was compared with a Lorentz one

for HC260Y. Besides the reasons already mentioned for choosing a Gauss őt, it was shown that

the Gauss functions őts the experimental results better than a pure Lorentz function. Several

peaks were evaluated using a Pseudo-Voigt function to check again whether the application of

the Gaussian function is permissible. The Pseudo-Voigt curve is the additive mean of Gauss

and Lorentz. Hence, if it is similar to the Gauss curve, it shows that the Lorentz component is

negligible. Figure 6.5 (a) shows a comparison of a Gauss and a Pseudo-Voigt őt for HC260Y and

the lattice plane (211). The őt functions are almost identical. The lower part of the peak shape

and the width of the peak are őtted equally well with both functions. There are no differences

in the values for FWHM and the center position, only the intensity maximum differs slightly.

These őndings were analogous for the other lattice planes. Accordingly, the use of the Gaussian

őt is assumed to be adequate. Finally, the Gauss function was chosen because it is suitable for

the planned evaluation with the considered materials and thus there is no need to use the more

complicated Pseudo-Voigt function. In this way, the number of őt parameters can be kept low.

Figure 6.5 (b) shows the comparison of the peak in the initial state at 0 MPa and after the 6th

loading cycle, at around 12 % true plastic strain, also at 0 MPa. The experimentally measured

points and their Gauss őt functions are plotted. For better comparability, the intensity was

normalized and the respective center positions aligned in their 2 Θ range. It can be seen that the

reŕection increases in width with increasing plastic strain. Furthermore, the Gaussian function
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őts the experimental points well, also at higher plastic strains.
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Figure 6.5: (a) Comparison of the őt results of a Gauss and Pseudo-Voigt function. (b) Compar-

ison of the Gauss őt for the initial state and after the 6𝑡ℎ loading cycle. Additionally,

the őt for the LaB6 reŕection is shown. Intensities were normalized and the peaks

were adjusted in their 2 Θ value.

For speciőc evaluations of the peak shape, e.g. integral breadth methods (see Section 6.2.3),

it is necessary to correct the peak shape for the instrumental resolution. For this purpose,

lanthanum hexoboride (LaB6) samples with approximately the same thickness as the specimens

are measured using the same experimental setup and test conditions. The LaB6 material used

is a reference material certiőed by the National Institute of Standards and Technology (NIST).

It is speciőcally made for the investigation of instrumental aspects of diffraction experiments

(Black et al., 2020). The material is prepared to show minimal peak broadening. Therefore,

the measured peak broadening of this reference material can be assigned to the instrumental

contribution to the detected peak proőles. By knowing the 2 Θ peak positions of the LaB6,

the diffractometers can be calibrated. For example, it is possible to determine the specimen to

detector distance. (Black et al., 2020)

In Figure 6.5 (b), the corresponding LaB6 reŕection is shown. The LaB6 peak closest to the

respective peak of the material in the 2 Θ range is used. There is hardly any difference between
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the initial reŕection and the instrumental resolution. This also indicates that grain size effects

have no inŕuence on this material and these measurements. For the calculation of the dislocation

densities, the instrumental resolution is subtracted from the respective peak area.

6.2.2 Elastic Lattice Strains and Diffraction Elastic Constants

Elastic lattice strain is based on the change in atomic lattice spacing 𝑑hkl due to macroscopic

and possibly microscopic stresses. The atomic lattice spacing 𝑑hkl can be calculated by the

peak center position and the wavelength using Bragg’s law (see Equation 2.14). If the measured

atomic lattice spacing 𝑑hkl is now set in relation to the initial atomic lattice spacing 𝑑0
hkl

of

the macroscopic stress-free state, an elastic lattice strain 𝜀hkl can be calculated for that speciőc

lattice plane (Agnew et al., 2013).

𝜀hkl =
𝑑hkl − 𝑑0

hkl

𝑑0
hkl

(6.2)

Only those lattice planes whose orientation fulőlls the criteria of Bragg reŕection contribute to

the measured reŕection. Accordingly, the lattice strain 𝜀hkl represents the average strain of these

particularly oriented lattice planes (Dye et al., 2001). The determination of the lattice plane

speciőc DEChkl is similar to the determination of the macroscopic loading modulus. It is deőned

by the slope of the macroscopic stress versus the lattice strain. Here, the stress value YS0 is used

as an upper limit as described in Section 6.1.3. Thus, good comparability with the macroscopic

EYS0 is given. For the DEChkl, the following relationship results with the macroscopic true

stress 𝜎 and the lattice strain 𝜀hkl

𝐷𝐸𝐶hkl =
𝜎

𝜀hkl
. (6.3)

6.2.3 Dislocation Densities

In addition to the elastic lattice strain, further information about the microstructural material

behavior is obtained from the peak broadening. The peak broadening can be evaluated with

the full width at half maximum (FWHM) or the integral breadth (IB) (Spieß et al., 2019). IB

methods are suitable for a qualitative analysis of the peak broadening and are therefore often

used for analysis (Klug and Alexander, 1976). Especially, if tendencies in the material behavior

are to be analyzed on a microscopic scale, these methods are appropriate (Scardi et al., 2004).
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Based on the IB, the dislocation density can be estimated using the classical Williamson-Hall

plot (WH-plot) (Williamson and Hall, 1953) and the Williamson-Smallman model (Williamson

and Smallman, 1956). This procedure is described in the following.

The dislocation behavior is attributed to intergranular microstrain (Bindu and Thomas, 2014).

Using a Gaussian őt, the relationship of the integral breadth 𝛽 is as follows

𝛽2
exp

− 𝛽2
inst

= 𝛽2
size

+ 𝛽2
strain

, (6.4)

where 𝛽exp is the experimental observed IB, 𝛽inst the instrumental resolution, 𝛽size the IB caused

by size effects and 𝛽strain due to microstrains. For the correction of the IB by the instrumental

resolution, the measurement of LaB6 is used as described in Section 6.2.1. For simplicity, the

corrected experimental IB by the instrumental resolution is called 𝛽 in the following. With the

assumption that the crystallite size does not change and is therefore an independent quantity,

Williamson and Hall (1953) showed an approach that expresses IB in terms of a linear equation,

equal to 𝑦 = 𝑎𝑥 + 𝑡, where the slope 𝑎 is related to the microstrain and the intercept 𝑡 to size-

effects. Adapted to a pure Gaussian function (squared) (Bindu and Thomas, 2014), this linear

equation can be written as follows in the reciprocal space

(
𝛽∗
)2

=
(
2 ⋅ 𝑒 ⋅ 𝑑∗

)2
+
(
1

𝐷

)2

. (6.5)

There, 𝑒 represents the microstrain and 𝑑∗ the 2 Θ range. To apply this equation to experimental

data, it has to be transferred to real space with the following relations 𝛽∗ = 𝛽𝑐𝑜𝑠(Θ) ⋅ 𝜆−1

and 𝑑∗ = 2 ⋅ 𝑠𝑖𝑛(Θ) ⋅ 𝜆−1 (Williamson and Hall, 1953). Furthermore, the root mean square

microstrain (RMS) ⟨𝜀2⟩1∕2, which is necessary for the calculation of the dislocation density

later, can be determined by the relation ⟨𝜀2⟩1∕2 = (2𝜋)1∕2 ⋅ 𝑒 (Mittemeĳer and Welzel, 2008).

Here, ⟨𝜀2⟩ reŕects the intergranular microstrain, which is based on the peak broadening. By

substituting and solving, one arrives at the following equation for the real space

(𝛽 ⋅ 𝑐𝑜𝑠(Θ))2 = 8𝜋 ⋅ ⟨𝜀2⟩ ⋅ (𝑠𝑖𝑛(Θ))2 + 𝜆2

𝐷2
, (6.6)

where Θ is the Bragg angle, 𝜆 the wave length and 𝐷 a value for the crystallite size. By plotting

(𝛽 ⋅𝑐𝑜𝑠(Θ))2 versus (𝑠𝑖𝑛(Θ))2 of each diffraction pattern for at least two lattice planes of different

orders, the RMS can be determined by the slope of the linear regression through these values

(see yellow lines in Figure 6.6 (a)). With the intercept, the crystallite size 𝐷 can be evaluated for

small particles in the nanometer range (Pecharsky and Zavalĳ, 2003). If the linear regression

curves pass through the origin or are close to the origin, i.e. the intercept is close to zero, it
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can be assumed that peak broadening is only due to intergranular microstrain (Christien et al.,

2015).

Figure 6.6 (a) shows the WH-plot obtained with the procedure described for the lattice planes

(110), (211), (220) and (310) of HC260Y. In principle, the calculation is performed for each

individual diffractogram, but for better illustration, only seven strain states were plotted in

Figure 6.6 (a). The strain states plotted are shown in (b) in the true stress versus true strain

curve. The individual values for the lattice planes do not give exactly a linear relation. This is

due to microstructural anisotropy. Furthermore, it can be seen that the anisotropy also increases

with increasing plastic strains, because the deviations from the linear regression curve become

more pronounced. In summary, the linear regression lines pass approximately through the

origin. This indicates that the peak broadening is predominantly due to microstrain rather than

grain size effects (Christien et al., 2015). This was already expected due to the grain sizes,

which are larger than one micrometer and the shape of the Bragg peaks.
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Figure 6.6: HC260Y - (a) Williamson-Hall plot for four lattice planes. Illustrated are the initial

state and the seven strain states before unloading shown in (b).

The model according to Williamson and Smallman (1956) can now be used to estimate the

dislocation density 𝜌avg as a function of microstrain ⟨𝜀2⟩ with

𝜌𝑎𝑣𝑔 =
𝐾 ⋅ ⟨𝜀2⟩
𝐷 ⋅ 𝑏2

. (6.7)

In this equation, 𝐾 is a constant and can be substituted with 6𝜋 for bcc materials (Williamson

and Smallman, 1956). The Burgers vector 𝑏 is calculated from the lattice constant and the
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slip direction of the lattice system. Here for a bcc material, the direction ⟨111⟩ is used. The

parameter 𝐷 reŕects the coherent domain size, but as mentioned, size-effects are negligible.

In this study, the relative behavior of the dislocation density as a function of plastic strain

is investigated. Hence, the simplest way of calculating the dislocation density is sufficient.

According to Williamson and Smallman (1956), 𝐷 can be assumed to be 1 for the simplest way

of calculating the dislocation density. This was chosen in this study.

6.2.4 Evaluation of Dual-Phase Steel

The major challenge in evaluating diffraction proőles of DP steel is the overlap of the peaks

of the martensite and ferrite phases, which occurs due to the very similar crystal structure and

similar lattice constants (Woo et al., 2012). The highest possible resolution of the peaks is

required for a reliable evaluation of the diffraction proőles. For this reason, a different setting

was used for DP steel as described in Section 5.4. The three lattice planes (110), (200) and (211)

can be evaluated with this setting. The Matlab toolbox LIPRAS was used for the evaluation of

the proőles (Esteves et al., 2017). It was chosen because it can process the sector data from the

Debye-Scherrer rings integrated with the Fit2D software (Hammersley, 1997). Additionally, the

őtting function can be chosen freely and multiple peaks can be őtted within one experimental

reŕection proőle. The order of the őles can be reversed so that proőles with high strains can be

evaluated őrst. This can be helpful because it can be easier to distinguish between individual

peaks at higher plastic strains. It will be explained in more detail later on. It is also possible to

deőne lower and upper limits for the respective őt, so that boundary conditions for the intensities

and the FWHM can be speciőed. Since the intensity of the reŕections is related to the volume

phase fractions (Popović, 2020), the fractions can be taken into account in the evaluation.

Figure 6.7 gives an overview of the procedure for the separate evaluation of martensite and

ferrite for the dual-phase steel. The evaluation is divided into three steps. The őrst step is the

determination of the phase fractions by means of Scanning Electron Microscopy (SEM) images

and a gray scale analysis. The second step is the processing of the diffraction data and the third

step is the evaluation of the individual reŕections.
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Figure 6.7: Approach for the separate evaluation of martensite and ferrite for dual-phase steel.

Phase fraction determination

Gray scale analysis based on SEM images was performed to determine the phase fractions. The

images were taken parallel to the rolling direction of the material. For the analysis, specimens

had to be prepared beforehand. First, the specimens were mechanically grinded in an iterative

process (sandpaper up to P1200) and then polished in a diamond suspension (6 ➭m, 3 ➭m and

1 ➭m). Finally, the specimens were in a vibratory polisher in a silica suspension for 2 hours.

The settings of the SEM analyses are summarized in Table E.1 in the Appendix E.1. The grain

and sub-grain microstructure were analyzed by the Matlab toolbox MTEX (Bachmann et al.,

2010).

Figure 6.8 (a) shows the SEM image for DP1000. The lighter gray areas are martensite. The

slightly darker areas are ferrite. The individual grains are delimited by grain boundaries, which

are not taken into account for the evaluation, since they play a minor role regarding the volume

fractions in DP1000. There is almost no retained austenite left in DP1000, which was also

conőrmed by checking the diffraction proőles. As no austenite reŕections were detectable,

retained austenite was excluded from the evaluation. The threshold value for the differentiation

of the gray values was set in such a way that the black and white image is as congruent as possible

with the SEM image (see Figure 6.8 (b)). This evaluation was performed using a Matlab script

and the black and white image was superimposed on the SEM image for veriőcation. By counting

the black and white pixels, the proportion of each area was determined. For this purpose, őve

images were checked at őve different locations. These evaluations resulted in an average of

36 % martensite and 64 % ferrite with a standard deviation below 2 %. This agrees very well

with the result of Woo et al. (2012), who used a similar method also for a DP1000 steel.
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10 µm10 µm

(a) (b)

Figure 6.8: DP1000 - (a) SEM image and (b) result of corresponding gray scale value analysis

for the determination of the volume phase fractions.

Diffraction proőle

As indicated in Figure 6.4, the angular evaluation sectors of the Debye-Scherrer rings were

summed up for the DP steel at the top and bottom in longitudinal direction. This leads to

an increase in the intensity of the reŕections and a more precise evaluation is possible. The

software LIPRAS does not interpolate between experimental datapoints when őtting peak pro-

őles. Therefore, to increase the őt accuracy, linear interpolation was performed between the

experimental datapoints to create more input values for the őtting.

Figure 6.9 (a) shows the obtained diffraction proőle for the DP1000 in-situ experiments for the

initial unloaded state. The three reŕections of the lattice planes (110), (200) and (211) are

clearly visible. Again, the reŕection of the (110) lattice plane shows the highest intensity and

that of the (200) lattice plane the lowest. Figure 6.9 (b) zooms in the reŕection of the lattice

plane (211). The experimentally detected datapoints for the upper and lower angular sector of

the Debye-Scherrer ring are plotted as well as their sum. It can be seen that there is almost

no difference between the datapoints from the upper and the lower sector. Also, the linearly

interpolated datapoints are plotted.
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Figure 6.9: DP1000 - (a) Integrated diffraction proőle from Debye-Scherrer rings for the initial

unloaded state. (b) Presentation of experimental datapoints for the upper angular

sector, the lower angular sector and their sum as well as the interpolated datapoints.

Peak evaluation

The volume fractions of martensite and ferrite are already known. These proportions also

correspond to the intensity ratio of the two peaks. However, it is not known what shape the

peaks have. Therefore, the shape and especially the change of the shape of the experimentally

measured reŕections were analyzed during the experiment. Because of the strong overlap of the

two reŕections, the experimental datapoints represent the intensity sum of the two reŕections.

It was found that at higher plastic strains the lower region of the reŕection becomes strongly

asymmetric. It is assumed that this occurs due to the 2 Θ displacement of the two basically

symmetrical reŕections with respect to each other. Previous studies also showed that separation

of the two peaks is more feasible at higher strains (Jia et al., 2009).

Figure 6.10 shows the experimentally measured datapoints for the reŕection of the lattice plane

(211) at 5.5 % true plastic strain. It can be seen that the lower part of the experimental peak

shape is asymmetric. Assuming that the phase fractions correspond to the intensity distribution

of the two peaks, the two peaks can be őtted to the experimental data as indicated in Figure 6.10.

In the initial state, the peaks of the martensite and ferrite are at almost the same 2 Θ position, so

it is hard to distinguish between them. For this reason, the őtting is done inversely starting from

the highest plastic strain back to the initial state.
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Figure 6.10: DP1000 - Experimental datapoints for the reŕection of lattice plane (211) at 5.5 %
plastic strain. Indicated is the partitioning of the experimentally observed reŕection
into a martensite and ferrite reŕection.

Figure 6.11 shows some stages of the őtting process. The Bragg reŕections are of the lattice

plane (211). In (a-c), the states at 0 %, 1.85 % and 5.53 % plastic strain are plotted which were

obtained during the cyclic tensile test after complete unloading. Based on the phase fraction

ratio, the intensity ratio between ferrite and martensite was given as a boundary condition for

the Gauss őts made. No further boundaries were assigned to the ferrite. As can be seen, the

reŕection of the martensite is located in the lower part of the total experimentally observed

reŕection and is clearly wider than the ferrite reŕection. A minimum FWHM was assigned to

the martensite to avoid illogical errors in the őtting. In the initial state, it can be seen that the

peaks are strongly overlapping. When comparing the experimentally observed reŕection with

the Gaussian őt of the ferrite, it is noticeable that there is a large deviation from the Gaussian

curve, especially in the foot region of the peak. This is attributed to the second phase with lower

intensity, i.e. the martensite peak. By observing this foot region at higher strains, it becomes

clear that this assumption is valid, since one can clearly see the 2 Θ movement of the martensite

peak compared to the ferrite peak. This dissimilar behavior of the two phases can be explained

by their different behavior under load. It can also be seen that the total shape area decreases with

increasing strain. Phase transformation can be practically excluded with the present DP1000 and

thus the shape area would have to remain the same during transformation. Thus, this decrease

comes from peak broadening due to plastic deformation.

In Figure 6.11 (d-f), three states during the TC test are shown. These are the initial state at 0 %

strain (d), the tensile state at 3 % true strain right before unloading (e) and the compressive state

at -0.4 % true strain. The two initial states (a) and (d) are from two different specimens and show

an almost identical diffraction proőle including peak őts. It seems that the diffraction behavior

is well reproducible. In (e), lower intensity and peak broadening can be obsevered, which is in

good agreement with the results for tensile loading of the cyclic tensile test (b-c). The behavior
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of the measured Bragg reŕection during compressive loading (f) must be mentioned. It can be

seen that the experimental peak and consequently the two peak őts become narrower again. This

indicates a material recovery, for example in the form of dislocation annihilation, which will be

discussed in more detail in Chapters 7 and 8.
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Figure 6.11: DP1000 - Experimentally measured intensities for the lattice plane (211) plotted

versus 2 Θ. Shown are the particular Gauss őts for ferrite and martensite and their

sum curve for different strain states during the cyclic tensile test (a-c) and the TC

test (d-f).





7 Results and Discussion

Chapter 7 summarizes all results obtained in this work. The results are divided into two

parts. The őrst part deals with the qualiőcation of the temperature measurement in tensile and

tension-compression tests for the characterization of elastic-plastic material parameters. This

represents an important part of this work and therefore the measurement accuracy, sensitivity

and reproducibility of the newly found methods are extensively analyzed. The second part of the

results is the main part of this research project. It deals with the correlation of the macroscopic

material behavior with the microstructural behavior. The presentation of results is structured

according to the elastic-plastic characteristics. These are the onset of yielding and elastic loading

modulus, anelastic behavior and the re-yielding behavior or Bauschinger effect.

7.1 Temperature Measurement

The historical and thermomechanical basics are given in Chapter 2.6. The hypothesis about the

relation between the thermoelastic effect and the onset of yielding is formulated in Section 6.1.

Now, the measurement accuracy and robustness (Section 7.1.1), the sensitivity of the evaluation

(Section 7.1.2), the reproducibility and strain rate sensitivity (Section 7.1.3) as well as the

temperature measurement in tension-compression tests (Section 7.1.4) are analyzed. The tests

were carried out with the utg setup.

7.1.1 Measurement Accuracy

To investigate the accuracy of the measurement system, four temperature sensors (TI-TIV) were

positioned as close as possible to the center of the specimen (Figure 7.1 (a)). In this way, the

extent to which different sensors and their plugs differ is determined. HC260Y was used for

this investigation. To investigate the inŕuence of the position of the sensor on the specimen, the

sensors were arranged as shown in Figure 7.1 (b). Sensor T0 was applied directly in the center

of the specimen. Sensors T1 and T2, 15 mm above and below this, i.e. symmetrically. Sensor

T3 was positioned 35 mm below the center, which was already outside the measuring length

of 50 mm of the optical extensometers. In this way, it is possible to analyze the temperature

behavior across the specimen.
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Figure 7.1: Arrangements of four PT1000 sensors for the analysis of the measurement accuracy
(a) and the thermal behavior within the specimen with regard to the inŕuence on
Tmin (b).

Figure 7.2 shows the results of the experiment with setup (a) in Figure 7.1. The test was

evaluated until uniform elongation. An unloading-reloading cycle was performed in steps of 3 %

engineering strain. The four sensors show almost identical behavior and hardly any deviations

from each other. The maximum deviation is less than 0.2 K at the end of the evaluation. For the

evaluation of YSTmin for all four sensors, a standard deviation of 0.9 MPa over all cycles can be

achieved.
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Figure 7.2: HC260Y - Comparison of the sensors TI-TIV at the center position of the specimen.
(strain rate 0.0007 s−1)

In Figure 7.3, the results for the sensor positions of setup (b) in Figure 7.1 are shown, now for

HC260Y and DP1000. Before the parameter YSTmin is discussed in more detail, the temperature
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behavior is described in general. DP1000 shows clearly a larger elastic range compared to

HC260Y. This leads to a more signiőcant decrease in temperature until the minimum is reached

due to the onset of yielding and plastic heating. The decrease in temperature during elastic

deformation is about 0.5 K for DP1000 for the strain rate of 0.001 s−1. For HC260Y, on the other

hand, it is 0.2 K. For both materials, the temperature increases linearly during the elastic-plastic

range between the unloading-reloading cycles. During unloading, the temperature behavior

differs for the materials. For the őrst four unloadings, the temperature increase is even higher

than during elastic-plastic deformation for HC260Y. Afterwards, the temperature still increases

during unloading, but less than during elastic-plastic deformation. In the case of DP1000,

the gradient of temperature increase during elastic unloading continues to reduce across the

experiment. This is attributed to thermal convection and conduction, which become stronger

with a larger temperature difference between the periphery and the specimen.
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Figure 7.3: Comparison of sensor positions T0-T3 and their temperature minima for (a) HC260Y

and (b) DP1000. (strain rate 0.001 −1)



82 7 Results and Discussion

Now the individual sensor signals are compared. For both materials, it can be seen that the

sensor in the center of the sample (T0) shows the greatest heating during the experiment. The

sensors T1 and T2, which are positioned symmetrically to the center, show a lower heating, but

similar behavior. Sensor T3 shows a signiőcantly lower heating for both materials. In summary,

the sample becomes warmest in the center and then the heating decreases towards the clamping.

For HC260Y, the sensors T0, T1 and T2 heat up around 4 to 5 K, whereas the sensor T3 shows a

warming of around 1.5 K. This is an indication that the steel specimen grips, which are in direct

contact with the specimen, reduce the temperature from the specimen by thermal conduction.

The decisive factor for the temperature-based evaluation method is whether this behavior has

an inŕuence on the temperature minimum. Therefore, YSTmin is evaluated for all sensors and all

unloading-reloading cycles. For the comparison of the sensors, the difference to the sensor in the

center (T0) was calculated in each case. The standard deviation was determined over all cycles.

This calculation was done for the strain rates 0.0004 s−1, 0.001 s−1 and 0.004 s−1 to be able to

exclude any effects due to the strain rate. Table 7.1 shows the results of the deviations for three

repetitions each. No trends are discernible for HC260Y. For all three strain rates investigated,

the deviations are in the range of 1 MPa. Only at the low strain rate of 0.0004 s−1 and sensors T0

and T3, an increased standard deviation of more than 2 MPa was found. For DP1000, the largest

deviation of 7.34 MPa occurs also between sensors T0 and T3. Here, it should be noted that T3

is outside the gauge length and for this reason does not reŕect a permissible value. Nevertheless,

for example for DP1000, the deviation of 7.34 MPa in relation to its TS is still only 0.7 %.

Thermal conduction is clearly visible, but this does not seem to have an inŕuence on Tmin and

hence, YSTmin. This suggests that it is indeed related to the onset of yielding, which assumed to

occur homogeneously over the parallel length of the tensile specimen.

Table 7.1: Standard deviations (SD) for the parameter YSTmin between the PT1000 sensors at

different positions on the specimen calculated over all cycles.

Strain rate T0 ↔ T1 T0 ↔ T2 T0 ↔ T3

[s−1] SD [MPa] SD [MPa] SD [MPa]

HC260Y

0.0004 0.32 0.19 2.05

0.001 0.62 0.19 0.36

0.004 0.34 0.73 1.23

DP1000

0.0004 1.31 1.08 7.34

0.001 3.21 0.96 2.11

0.004 4.6 2.22 1.58



7.1 Temperature Measurement 83

7.1.2 Sensitivity

From here on, only one sensor is used, which is applied in the center of the specimen (cf. sensor

T0). In Section 6.1.2, the temperature-based determination of the onset of plastic yielding, thus

the parameter YS0 was introduced. Figure 7.4 again shows the temperature gradient versus time

curve, which is the basis for this determination approach. Shown are the curves for the initial

loading as well as 1st reloading for both materials, HC260Y and DP1000. The horizontal and

vertical data array, which are decisive for the horizontal and vertical regression lines, are plotted.

Furthermore, the line for the bisecting angle is plotted, which őnally determines the point in time

of the slope change. The slope change in the initial loading is not as pronounced compared to

the 1st reloading. This can be explained by the fact that the elastic-plastic transition is smoother

at initial loading than at reloading, where the slip systems have already been activated. This

behavior is also reŕected by the macroscopic stress-strain curve. For the detection of YS0, i.e. the

change in slope of the temperature curve, the arrays for the two regression lines must be deőned.

This must be done speciőcally for the material investigated. As can be seen in Figure 7.4, the

curve shape may differ slightly for different materials. The evaluation method searches step

by step in an iterative process in a given range the minimum and maximum slope, so that the

horizontal and vertical őt are found as shown. Nevertheless, the reliability of the intersection

found must be checked.

Therefore, the inŕuence of the user, i.e. how the start values for the horizontal and vertical data

arrays are set, in this determination method was investigated in a sensitivity analysis. Initial

values were determined for the two arrays and are shown in Figure 7.4. Then, the sizes of the

arrays were decreased in 5 % steps to 65 % and increased to 135 % of the initially deőned

datapoints for the following regression. All resulting intersections were calculated in a full

factorial design. In the Appendix, Figure E.1 gives an example of the full factorial analysis of

the initial loading for DP1000. The resulting scatter of the values for YS0 was checked for its

distribution. A normal distribution (Gauss) was found, so that the calculation of the standard

deviation (SD) and the arithmetic mean is permissible. Figure 7.5 shows the respective SD

in relation to the mean value of the parameter YS0 for 6 loadings. In total, 225 values per

loading were conducted for the SD and mean value. The highest deviations occur for the initial

loading with 4.95 % for HC260Y and 2.39 % for DP1000. This reŕects absolute deviations of

8.9 MPa (HC260Y) and 10.5 MPa (DP1000) for the average YS0 values of 178 MPa (HC206Y)

and 455 MPa (DP1000). For all further loadings, the deviations are less than 1 %. The low

deviations in the temperature-based evaluation method for the determination of YS0 proof that

it is robust with respect to the initial values for the line őt method and thus to the user.
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Figure 7.4: Temperature gradient curves with temperature-based determination method for YS0
for the initial loading and 1𝑠𝑡 reloading for HC260Y (a-b) and DP1000 (c-d). (strain

rate 0.0004 s−1)
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Figure 7.5: Standard deviation (SD) of full factorial analysis in percent of the average YS0 of

the particular loading for HC260Y and DP1000. (strain rate 0.0004 s−1)
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7.1.3 Reproducibility

The robustness and reproducibility of the measurement and temperature-based evaluation are

investigated in this section. Therefore, different strain rates are considered and the deviations of

the parameters YS0 and YSTmin are compared from three experimental repetitions each. For the

YS0 determination, the horizontal and vertical data arrays were őxed and not changed during the

repetitions. The initial loading and őve additional reloadings after every 1.5 % (DP1000) and

3 % (HC260Y) engineering strain were evaluated for őve different strain rates. Figures 7.6 and

7.7 summarize the standard deviation as a percentage of the mean value. In general, it can be

observed that the deviations are smaller for YSTmin than for YS0. This is, because of the high

temperature measurement accuracy and the fact that YSTmin can be determined directly without

an additional evaluation. The deviations for YSTmin are smaller than 2.5 % for both materials

and all loadings. Thereby, the initial loading show the highest deviations. All deviations of

YS0 are below 7.5 %. Again, the highest deviation occurs for the initial loading. This can be

explained by the smooth initial elastic-plastic transition and the less pronounced slope change in

the temperature gradient curve (see Figure 7.4). The deviations of the reloadings are less than

5 %.
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Figure 7.6: HC260Y - Standard deviations relative to its mean value of three experimental

repetitions for őve strain rates and the parameters (a) YS𝑇𝑚𝑖𝑛 and (b) YS0.
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Figure 7.7: DP1000 - Standard deviations relative to its mean value of three experimental

repetitions for őve strain rates and the parameters (a) YS𝑇𝑚𝑖𝑛 and (b) YS0.

The initial onset of yielding is of particular importance, as it determines the beginning of the

ŕow curve for FEM material models for example. Furthermore, the YS0 is the upper limit for the

temperature-based determination of the initial loading modulus EYS0. For a better classiőcation,

the absolute values are shown separately for the őve strain rates and a comparison is made with

the conventionally used equivalent yield stress YS0.2%. Therefore, YS0.2% was determined by the

slope between 5 % of TS and YS0. A parallel to this slope was shifted to 0.2 % true plastic strain

and the intersection with the stress-strain curve gives the value. Figure 7.8 shows the results for

both materials. In all evaluations, the value for YS0.2% is the highest. According to the hypothesis

in Section 6.1.1, there is already plastic deformation at YSTmin, but this deformation seems to be

below the 0.2 % plastic strain, which is the deőned value for the determination of YS0.2%. The

difference between each parameter remains approximately the same for all strain rates. There

is no evidence of strain rate sensitivity in DP1000. It is known that the mechanical properties

of low carbon steel, like the HC260Y, show strain rate sensitive behavior (Jandrlić et al., 2018).

This can be seen by the increased values for the strain rates 0.002 s−1 and 0.004 s−1. The strain

rate sensitivity is captured by all three parameters.



7.1 Temperature Measurement 87

(a) HC260Y (b) DP1000

YS0.2% YSTmin YS0

0.0004 0.0007 0.001 0.002 0.004

Strain rate [s-1]

0

200

400

600

800

Y
ie

ld
 s

tr
e

s
s
 [

M
P

a
]

0.0004 0.0007 0.001 0.002 0.004

Strain rate [s-1]

0

50

100

150

200

250

300

350

Y
ie

ld
 s

tr
e

s
s
 [

M
P

a
]

Figure 7.8: Comparison of the parameters YS0.2%, YS𝑇𝑚𝑖𝑛 and YS0 for the initial yielding and

őve strain rates for (a) HC260Y and (b) DP1000.

.

7.1.4 Temperature Measurement in Tension-Compression Tests

One of the challenges in this study is to determine not only the onset of plastic yielding but also

the re-yielding after load path change when using the specimen temperature as indicator. It is

known that during elastic-plastic deformation the specimen temperature increases. During elastic

unloading and compressive loading, there is a reduction in volume. Due to the thermoelastic

effect, this also leads to a heating of the specimen. In contrast to the determination of the

onset of yielding in tension, where there is a clearly pronounced temperature minimum, there

is only a change in gradient in the compression range. The evaluation of the transition in the

temperature gradient is therefore more difficult, since the heating also depends on the strain rate.

Before showing the determination of the yield stress at re-yielding YSre, the characteristics of

the temperature measurement in the TC test are explained.

In Figure 5.5, the experimental setup was shown. The PT1000 sensor is applied in the mea-

surement window by a solid state clamp. The inŕuence of thermal conduction has already been

demonstrated earlier. Due to the direct contact of the specimen with the voluminous grips,

heating decreases from the center of the specimen towards the grips. During the TC test, the

specimen surface is in direct contact not only with the grips but also with the anti-buckling

support. Accordingly, a larger area of the specimen is affected, which most likely results in a

greater impact due to increased thermal conduction. Therefore, additional thermal insulation
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plates are mounted between the anti-buckling support and the specimen to minimize the effect of

thermal conduction. Figure 7.9 shows the true stress versus time curves with their corresponding

temperature for two TC tests with DP1000. One test (Exp1) was done without thermal insulation

plates, so that there was a steel to steel contact between specimen and anti-buckling support.

The other one (Exp2) was performed with insulation plates. It is clear that there is a signiőcant

difference when comparing the temperature curves. In Exp1, the entire temperature curve is

signiőcantly damped and not even Tmin at initial tension is clearly visible. The temperature

curve in Exp2 shows a pronounced minimum during the tensile onset of yielding and in total

a larger change in the temperature during the test. Thus, with the insulation plates, there is a

signiőcant improvement. From here on, all tests shown were performed with thermal insulation

plates.

0 50 100 150 200

Time [s]

-1000

-500

0

500

1000

T
ru

e
 s

tr
e

s
s
 [

M
P

a
]

-0.5

0

0.5

1

1.5

re
l.
 T

e
m

p
. 

[K
]

Stress Exp1

Stress Exp2 Temp. Exp2

Exp1 = Without thermal insulation

Exp2 = With thermal insulation

Temp. Exp1

Figure 7.9: DP1000 - True stress versus time and relative temperature versus time curves for

two TC tests. Experiment 1 was performed without and experiment 2 with thermal

insulation plates.

Figure 7.9 shows for Exp2 that during elastic unloading the temperature decreases, which seems

to be in conŕict with theory. Only after complete elastic unloading in the compression range, the

temperature starts to rise again. This behavior can be attributed to thermal conduction despite

the insulation, since there is a temperature difference between the specimen and the periphery

at this time. The heating during elastic unloading is not sufficient to counteract the cooling due

to this temperature difference. For this reason, tests were carried out, in which a holding time

after tensile loading was introduced until the specimen temperature had adjusted to the ambient

temperature again. Only then, the specimen was elastically unloaded and compressed. During



7.1 Temperature Measurement 89

the holding time, the experiment was stopped displacement controlled. With this procedure it

could be shown that, as theoretically expected, a temperature increase occurs also during elastic

unloading. That is why for all TC tests with temperature measurement, a holding time of seven

minutes for DP1000 and of őve minutes for HC260Y was carried out before elastic unloading

and compressive loading.

Figure 7.10 shows the true stress versus true strain curves of three repetitions for (a) HC260Y

and (b) DP1000. Furthermore, the temperature curves are plotted. For clarity, these are shown

only for elastic unloading and compressive loading and have been zeroed at the starting point

of UL. The stress-strain curves of the repetitions show almost no deviation for both materials.

Hence, the experiment is reproducible. Also the temperature curves show similar behavior. For

HC260Y, a transition in the slope of the temperature curve during compressive loading can be

seen. In the beginning of the unloading, the temperature increases rapidly and then transitions

to a slower rate of heating. The temperature curves for DP1000 show different behavior. From

the beginning on, the temperature behaves highly nonlinear. The slope changes also during

compression, but there is no signiőcant point of transition determinable.
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Figure 7.10: (a) True stress versus true strain curves and relative temperature curves of three
repetitions for (a) HC260Y and (b) DP1000. Only the temperature curves for UL
and compression are plotted and zeroed at the start of UL. (strain rate 0.0004 s−1)

In the following, an attempt is made to transfer the idea of the temperature-based evaluation

method for the onset of plastic yielding YS0 to the re-yielding parameter YSre. For this purpose,

the temperature gradient is derived for the range of elastic unloading and subsequent compressive

loading and shown in Figure 7.11 (a) for HC260Y. In the gradient, the transition of the slope
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is even more obvious. Two regression őts are performed, like for the determination of YS0
described in Section 6.1.2. One for the vertical array in the beginning of unloading and a second

one for the horizontal array during compressive plastic deformation. The size of the arrays was

set manually by the user. To better classify the location of the arrays in the overall test, they

are also plotted in the stress-strain curve in Figure 7.11 (b). The vertex of the gradient change

is determined with an angle bisector. This value is taken as YSre and is also marked in the

stress-strain diagram in (b). Looking at the shape of the stress-strain curve, the location of the

determined value seems to be reasonable. An average stress value of -177 MPa was determined

for YSre with a standard deviation of 10 MPa for three repetitions and a prestrain of around 3 %

true strain. For comparison, the average YS0 value for a tension reloading without load change

after the same prestrain is 322 MPa. Hence, there is a signiőcant difference between YS0 and

YSre. The lower value for re-yielding can be attributed to a Bauschinger effect. In Section 7.2.5,

the YSre value is correlated with the microstructural behavior. In this way, on the one hand,

the evaluation method can be validated and, on the other hand, the material behavior after load

change can be analyzed in more detail.
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Figure 7.11: HC260Y - (a) Temperature gradient curve for the temperature during unloading and
compressive loading. The used arrays and regression lines for YS𝑟𝑒 determination
are plotted. (b) True stress versus true strain curve. Plotted are the arrays, used
for the regression in (a) and the determined parameter YS𝑟𝑒.

For DP1000, an evaluation with the described approach was not possible. Due to the highly

nonlinear behavior, no slope transition could be detected. The microstructural behavior is

also investigated in Section 7.2.5 and provides information about the re-yielding behavior of
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the material. The temperature measurement needs to be further improved in future, so that a

temperature-based evaluation of YSre may also be possible for this kind of material.

7.2 Correlations with Microstructural Material Behavior

In this chapter, the macroscopic elastic-plastic behavior of the steels studied is correlated with

their microstructural behavior. The results are divided into the elastic-plastic characteristics,

namely the onset of yielding, the loading modulus, anelastic behavior and re-yielding. The

previous results for temperature-based material characterization are examined microstructurally.

Before discussing the individual characteristics, the general microstructural behavior of the two

materials is discussed for a better overview.

7.2.1 General Microstructural Behavior

Figure 7.12 (a) shows the macroscopic true stress versus the lattice strains for őve lattice planes

for HC260Y. The lattice strains were determined based on their 2 Θ peak shift as described in

Section 6.2.2. These results were obtained in a standard tensile test until 15 % engineering strain

without cyclic unloading and reloading with the DESY setup. Each circle represents a diffraction

measurement. Considering the value for YS0, the material shows elastic deformation up to about

180 MPa. The different slopes of the curves until this stress value indicate the microstructural

anisotropy of the material. Tomota et al. (2003) showed for a similar low carbon steel that the

lattice plane (200) is the most compliant one. This result can be conőrmed as the lattice strain

for the (200) lattice plane has the lowest slope in Figure 7.12 (a). In Figure 7.12 (b), the lattice

strains are plotted versus the macroscopic true strain. Lattice strain, determined on basis of

Bragg’s law, can only be determined during elastic deformation. That is why, this plot better

show the onset of plastic yielding. The lattice strain increase rapidly in the beginning and at a

certain point, the lattice planes can hardly absorb any more strain. This condition reŕects the

microstructural onset of yielding, which is individual for the lattice plane. It will be discussed in

more detail in Section 7.2.2. It can be seen in Figure 7.12 (b) that the lattice planes can absorb

different amounts of elastic strain, which again indicates the microstructural anisotropy. The

lattice plane (200) clearly absorbs the most strain.
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Figure 7.12: HC260Y - (a) Macroscopic true stress versus lattice strain and (b) lattice strain

versus macroscopic true strain for őve lattice planes.

Figure 7.13 shows the results for DP1000 plotted in the same manner as in Figure 7.12. The

standard tensile test was evaluated until 8 % engineering strain. The lattice strains for three

lattice planes are shown separately for ferrite and martensite. Figure 7.13 (a) shows that during

elastic deformation up to YS0 of 430 MPa, the ferrite and martensite behaves similarly. Then,

ferrite and martensite start to behave differently. Whereas martensite absorbs even more strain,

ferrite plasticizes and hardly absorbs any more strain. Again, the different slopes during elastic

deformation indicate microstructural anisotropy. In Figure 7.13 (b), the mentioned differences

in the strain absorption of the particular phases and lattice planes become obvious. The ferrite

hardly absorbs any more strain when it is plasticized. This can be seen from the horizontal

asymptotic behavior.

It is noticeable that the ferrite in the DP steel begins to plasticize at signiőcantly higher stresses

compared to the ferrite in HC260Y. Figure 7.12 (a) shows plasticization occurring between 200 -

300 MPa, while in Figure 7.13 (a) plasticization of the ferrite occurs at above 500 MPa. In Choi

et al. (2001), nanoindentation was used to show that ferrite near grain boundaries has higher

strength. It was shown that őner grain sizes led to a signiőcantly increased elastic modulus in

ferrite. Grain boundaries act as a kind of barriers to dislocations. Thus, the higher strength of

ferrite compared to the single-phase material is because it is embedded in a harder martensite

phase and that the signiőcantly őner grain size results in a greater inŕuence by grain boundaries.

This grain boundary strengthening is also known as Hall-Petch strengthening (Callister and

Rethwisch, 2008). Compared to ferrite, martensite absorbs signiőcantly more strain. It seems
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that the martensite of lattice plane (200) can absorb strain during the whole experiment. Hence,

it is not fully plasticized. The martensite of the lattice planes (110) and (211) show asymptotic

behavior at the end of the experiment for higher true strains. This indicates plasticization of the

martensite. In literature, the degree of plasticization of the martensite and its effect on anelastic

behavior is often discussed (Bergström et al., 2010). This is further analyzed in Section 7.2.4.
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Figure 7.13: DP1000 - (a) Macroscopic true stress versus lattice strain and (b) lattice strain

versus macroscopic true strain of ferrite (Fe) and martensite (Ma) for three lattice

planes.

In summary, when true stress is plotted versus lattice strain, vertical behavior reŕects plastic

deformation. When lattice strain is plotted versus true strain, horizontal behavior reŕects plastic

deformation. This is important for understanding the further results. True stress and true strain

always refer to the macroscopic values. In the following, the two materials are analyzed by

means of cyclic tensile tests and tension-compression tests.

7.2.2 Onset of Yielding

A new temperature-based determination method was introduced to determine the onset of plastic

yielding. The parameters yield stress at zero plastic strain (YS0) and yield stress at temperature

minimum (YSTmin) are now analyzed on a micro level. This means that the onset of plastic

yielding in the crystal lattice is investigated and conclusions are drawn about the macroscopic
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behavior. The investigation of the onset of yielding is divided in analysis by lattice strains,

FWHM and dislocation densities as well as irreversible macroscopic strain.

Lattice strains

Figure 7.14 shows the initial loading for HC260Y. In (a), lattice strains of őve lattice planes

are plotted versus the macroscopic true strain. In (b), the true stress versus true strain and

specimen temperature curve are shown. Vertical lines mark the parameters YS0 and YSTmin.

At the beginning of the loading, purely elastic deformation is assumed and the lattice strains

show similar linear behavior. Microstructural anisotropy leads to different slopes. All lattice

strains show a smooth transition from initial slope to horizontal behavior. From the vertical

YS0 line onwards, the őrst lattice strains start to deviate from the linear behavior and approach

a horizontal line. This can be seen in particular for the strains of the lattice planes (110), (211)

and (220). The strain of lattice plane (310) shows similar behavior shortly thereafter. Grains

of lattice plane (200) show the most compliant behavior and absorb more elastic strain, since

even after exceeding YS0, the lattice strain increases linearly. At approximately YSTmin, it begins

to approach a horizontal one. From YSTmin onwards, all lattice planes seem to be plasticized,

because from this point on hardly any strain is absorbed. It can be seen that lattice plane speciőc

plasticization occurs starting at YS0 and ending at approximately YSTmin. In Tomota et al. (2003),

this was referred to as grain-to-grain yielding.
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Figure 7.14: HC260Y - (a) Lattice strain versus true strain for őve lattice planes in longitudinal

direction for the initial tensile loading. Marked are YS0 and YS𝑇𝑚𝑖𝑛. (b) True stress

versus true strain and temperature with YS0 and YS𝑇𝑚𝑖𝑛.
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Figure 7.15 shows the lattice strains versus true strain for the 3rd, 5th and 7th loading of the same

experiment. Again, the lattice strain start to change their slope beginning at YS0 and seem to be

fully plasticized from YSTmin on. Compared to the initial loading in Figure 7.14 (a), the lattice

strains show similar behavior, but the grain-to-grain yielding is less pronounced. This őts well

with the explanation of slip systems already activated. The results shown are in longitudinal

direction. The behavior of the lattice strains in transversal direction is analogous and can be

seen in the Figures E.2 and E.3 in the Appendix E.3.
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Figure 7.15: HC260Y - Lattice strain versus true strain for őve lattice planes in longitudinal

direction for the (a) 3𝑟𝑑 , (b) 5𝑡ℎ and (c) 7𝑡ℎ reloading. Marked are YS0 and YS𝑇𝑚𝑖𝑛.

It can be summarized that lattice plane speciőc grain-to-grain yielding occurs and it is particularly

pronounced during initial loading. The parameter YS0 indicates the macroscopic stress value at

which the őrst lattice planes seem to start plasticizing. When the stress YSTmin is exceeded, all

lattice planes appear to be plasticized.

Figure 7.16 presents the same evaluation for DP1000. The lattice strains of the lattice planes

(110), (200) and (211) are separately plotted for the ferrite and martensite phase. The material

shows highly anisotropic behavior and again, the lattice plane (200) is the most compliant

one. Above the stress value YS0, the ferrite phase begins to plasticize, as is the case with

HC260Y. The three ferrite lattice strains show similar behavior. After exceeding YSTmin, the

ferrite phase seems to be plasticized, so the őndings with HC260Y for ferrite can be conőrmed.

The martensite phase shows identical behavior to the ferrite during purely elastic deformation

until YS0 and then absorbs further elastic strain with a different slope when the ferrite phase is
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plasticized. The martensite of lattice plane (200) can absorb signiőcantly more elastic strain.

The results in Figure 7.16 indicate a direct correlation with the two temperature parameters

and the microstructure for this material. The parameter YS0 again reŕects the onset of plastic

yielding, which in DP1000 is related to the plasticization of the ferrite phase.
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Figure 7.16: DP1000 - (a) Lattice strain versus true strain separated for ferrite and martensite

for three lattice planes in longitudinal direction for the initial tensile loading.

Marked are YS0 and YS𝑇𝑚𝑖𝑛. (b) True stress versus trues strain and temperature

with YS0 and YS𝑇𝑚𝑖𝑛.

Dislocation density and FWHM

Dislocation density provides another way to analyze the onset of yielding at the micro level.

Unlike lattice strains, the dislocation density evaluation depends on peak broadening and rep-

resents intragranular microstrains. Figure 7.17 shows the relative dislocation density behavior

evaluated for HC260Y for the initial loading and three reloadings of a cyclic tensile test. Plotted

is the true stress versus the root mean square of the dislocation density, like suggested in Tomota

et al. (2003). Vertical lines mark the parameters YS0 and YSTmin again. In order to better

visualize the position of YS0, a horizontal line has been added. During ideal elastic deformation,

the dislocation density does not increase. When the yield stress is exceeded, and thus after

activation of the slip systems, new dislocations form and the density increases. This behavior is

reŕected in Figure 7.17. During initial loading (a), the dislocation density increases slightly, but
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a clear increase can then be seen after exceeding YS0. It has to be noted that the peak width for

the initial loading is the smallest and, due to the instrumental resolution, greater inaccuracies

can therefore occur than for the subsequent reloadings. The reloadings (b-d) indicate that the

dislocation density hardly changes during elastic loading and there is a signiőcant increase from

YS0 onwards. Each circle in Figure 7.17 represents one measurement. On closer examination, it

can be seen that there is a jump in dislocation density after YS0. From YSTmin on, the dislocation

density appears to increase continuously. It is assumed that this jump is due to the activation of

the slip systems. In addition, there is a slight decrease in dislocation density upon reloading. At

YS0, the density is approximately equal to the value at complete unloading. It is assumed that

the initial decrease upon reloading is due to dislocations encountering opposing dislocations

and thus annihilating each other. With increasing plastic strain, this effect appears to become

more pronounced. This behavior is discussed again in Section 7.2.4.

6 8 10 12

(
avg

)1/2 [m-1] 106

0

100

200

300

400

500

T
ru

e
 s

tr
e

s
s
 [

M
P

a
]

1.4 1.6 1.8

(
avg

)1/2 [m-1] 107

1.8 2 2.2

(
avg

)1/2 [m-1] 107

2.1 2.3 2.5

(
avg

)1/2 [m-1] 107

(a) 1st loading (b) 3rd reloading (c) 5th reloading (d) 7th reloading

YS0 YSTminDislocation density

Figure 7.17: HC260Y - True stress versus the root square of the dislocation density 𝜌𝑎𝑣𝑔 in

longitudinal direction for the initial loading (a) and three reloadings (b-d).

Based on these results, the relationship between the parameter YS0 and the onset of yielding

is clearly evident. Accordingly, YS0 can be considered a material speciőc parameter based on

physical behavior. The dislocation density in transversal direction shows the same trends and

correlation with YS0. These results can be found in Figure E.4 in the appendix.

Due to the more complex dual-phase microstructure of DP1000, an evaluation of the dislocation

density according to Williamson and Smallman (1956) was not possible. Since the peak

broadening is correlated with intragranular microstrain, the relative observation of the FWHM
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can also be meaningful. Here, only the FWHM of the ferrite peaks is evaluated, since it is less

affected by the martensite peaks, which are located in the foot region of the ferrite reŕections

(see Figure 6.11). Figure 7.18 shows the FWHM for the lattice planes (110), (200) and (211)

for the initial loading in longitudinal direction. The FWHM of lattice plane (110) increases

signiőcantly after exceeding YS0. For (200) and (211) lattice planes, the FWHM increases

slightly from the beginning, but changes the slope after exceeding YS0. The plasticization of

the DP steel depends on the softer ferrite phase. The results of the lattice strains (Figure 7.16)

as well as the FWHM (Figure 7.18) show that YS0 reŕects the onset of yielding also for this

material, since a correlation between the ferrite behavior and YS0 can be recognized. However,

the correlation is not as evident as for the single-phase material HC260Y. This is due to the more

complex microstructural behavior of the DP steel. Martensite absorbs signiőcantly more strain

and thus dampens the elastic-plastic transition of the ferrite. Since martensite remains elastic

beyond the plasticization of ferrite, it leads to an increase in volume and, in turn, a cooling of the

temperature. This also dampens the temperature signal around the temperature minimum.
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Figure 7.18: DP1000 - True stress versus FWHM of ferrite in longitudinal direction for the
initial loading for the lattice planes (a) (110), (b) (200) and (c) (211).

Irreversible macroscopic strain

The onset of yielding at the micro level was investigated and a correlation with the parameter

YS0 was shown. Finally, the question arises whether macroscopic irreversible deformation also

occurs when YS0 is exceeded. For this purpose, cyclic tensile tests were carried out with both

materials. In case of DP1000, unloading-reloading cycles were absolved and the maximum load

was increased stepwise by 500 N, starting at 5 kN. For DP1000, 5 kN corresponds to a stress of

about 260 MPa for the given specimen geometry and is well below YS0 with around 430 MPa.
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HC260Y was cycled with load steps of 100 N starting at 1 kN, which is also well below its YS0
value. Figure 7.19 shows the stress-strain curves of the considered test.
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Figure 7.19: True stress versus true strain curves of cyclic tensile tests to investigate the initial

onset of irreversible plastic strain for (a) HC260Y and (b) DP1000.

The remaining true plastic strain after each unloading was evaluated. Then, the corresponding

true stress was plotted versus the remaining plastic strain to see when an irreversible deformation

occurred (Figure 7.20). For both materials, it can be clearly seen that no irreversible strain occurs

up to YS0, and plastic deformation starts when this stress is exceeded. It can be concluded that

YS0 reŕects the plastic onset of yielding for HC260Y and DP1000. This conőrms that plastic

strain is already present at the stress YSTmin.
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Figure 7.20: True stress versus remaining plastic strain for (a) HC260Y and (b) DP1000. Marked

are YS0 and YS𝑇𝑚𝑖𝑛 by horizontal lines.



100 7 Results and Discussion

7.2.3 Elastic Loading Modulus

In this section, the temperature-based determined elastic loading modulus EYS0, which was

introduced in Section 6.1.3, is analyzed and compared with two other determination approaches.

For this, the elastic modulus according to the standard DIN EN ISO 6892-1 (EDIN) and according

to (Sonne, 1999) (E5−18TS) were selected. These are selected, because the standard approach is

widely used, in particular in industry, and the approach according to (Sonne, 1999) has clearly

speciőed limits. According to the standard DIN EN ISO 6892-1, the term Young’s modulus

is only referred to when the strain and force measurement, as well as the strain rate and test

method, meet certain requirements. For this reason, as it is no standardized test and evaluation

procedure, the modulus is called loading modulus here. This leads to a clear distinction from

the unloading modulus EChord. The onset of yielding, or its equivalent parameter is necessary

for several loading modulus determination methods. Figure 7.21 shows the initial loading in a

tensile test for (a) HC260Y and (b) DP1000. Marked are the parameters YS0, YSTmin and YS0.2%,

which clearly differ. As expected, YS0 is at the upper end of the linear region of the stress-strain

curve, YSTmin is in the elastic-plastic transition, and YS0.2% is clearly in the plasticized part of

the stress-strain curve. Grain-to-grain yielding is more pronounced for the initial plasticization,

i.e. the initial activation of the slip systems, which leads to a smoother elastic-plastic transition.

Hence, YS0 is signiőcantly lower than YSTmin. The results for subsequent loadings in a cyclic

tensile test can be seen in the appendix in Figure E.5.
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Figure 7.21: Comparison of the initial loading with YS0, YS𝑇𝑚𝑖𝑛 and YS0.2% for (a) HC260Y and

(b) DP1000. Additionally, the areas for the determination of E𝐷𝐼𝑁 and E5−18𝑇𝑆

are marked.
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Figure 7.21 additionally shows the evaluation ranges for EDIN between 10 - 40 % of YS0.2%,

and E5−18TS between 5 - 18 % of TS. It gets evident that the evaluation ranges for the loading

moduli EDIN and E5−18TS lie in the lower range of the stress-strain curve. In comparison, the

evaluation range for EYS0 from 5 % of TS to YS0, considers a larger part of the loading curve for

the evaluation.

In Section 7.1.2, the sensitivity of the determination of the parameter YS0 was investigated and

maximum deviations of 4.95 % for HC260Y and 2.39 % for DP1000 were found for the initial

loading. The inŕuence of this deviation on the temperature-based determination of EYS0 has to

be analyzed. Therefore, the value for YS0 of the initial loading was varied between 90 % and

110 % for HC260Y and 95 % and 105 % for DP1000, which is around twice as large as the

deviation found in the sensitivity analysis of YS0 for the particular material. Table 7.2 shows

the results for this variation for the initial loading. For both materials, the standard deviation

is between 1 % and 1.5 %. Therefore, one can conclude that the parameter EYS0 shows little

sensitivity to the variation of YS0. Furthermore, the elastic modulus values of around 202 GPa

of both materials are in good agreement with the expected value for steel materials.

Table 7.2: Variation of EYS0 dependent on YS0 for the initial loading in [MPa] and its standard
deviation (SD) in [%].

0.9 × YS0 0.95 × YS0 YS0 1.05 × YS0 1.1 × YS0 SD in [%]

HC260Y 204.02 202.70 201.21 199.44 197.37 1.31

DP1000 203.17 201.24 198.92 1.06

In Section 2.4, several determination approaches for the loading modulus were presented. Now,

the approaches EDIN and E5−18TS are compared with EYS0. This is done for both materials,

the strain rate 0.0004 s−1 and three repetitions. A cyclic tensile test is performed to be able

to analyze the evolution of the loading moduli as a function of plastic strain. The necessity of

an initial slope for the determination of YS0.2% has already been discussed. In this study, the

slope up to YS0 was used for this purpose. Figure 7.22 shows the results for (a) HC260Y and

(b) DP1000. For comparison, the chord modulus EChord is plotted additionally. The moduli

EDIN and E5−18TS are higher than the values for EYS0 for all loadings. For all three methods,

the scatter is largest at the initial value. In the further course, the loading modulus EYS0 shows

little scattering. The moduli EDIN and E5−18TS show signiőcantly larger deviations for the three

repetitions. In addition, E5−18TS shows a slight increase with increasing plastic deformation

for HC260Y, which cannot be explained physically in this way and can therefore be attributed

to measurement inaccuracy. Only the lower region of the stress-strain curve is used for the

regression and this area can be suspect to inaccuracies in the tensile test due to the clamping
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of the specimen for example. For the approach according to the standard, it is up to the user

whether these values are trusted or whether the limits for the determination are changed again

so that other values for the loading modulus are obtained. This is a clear disadvantage of this

approach, since no precise speciőcations are made and it is signiőcant user-dependent. With

EYS0, a clear decreasing trend of the loading modulus with increasing plastic strain can be seen,

which is closer to the values for the unloading curves EChord for both materials. The advantage

of EYS0 is that the limits are őxed and now depend directly on the onset of yielding.
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Figure 7.22: Comparison of different elastic modulus determination approaches in a cyclic
tensile test for (a) HC260Y and (b) DP1000. (strain rate 0.0004 s−1)

Now the values for EYS0 are to be compared with the DEChkl of individual lattice planes. The

DEChkl are based on the stiffness of the lattice planes and thus the lattice structure of the

materials. For their evaluation, the same determination approach was used as for EYS0. The

value of YS0 was taken as an upper limit and 5 % of TS as a lower limit. Figure 7.23 shows the

results. In (a), EYS0 is compared to DEChkl of őve lattice planes for HC260Y. The DEChkl for

HC260Y are between 180 GPa and 250 GPa, with the lowest value for the lattice plane (200)

and the highest for (220). The DEChkl values for all lattice planes do not show strain-dependent

behavior, as they hardly change with increasing plastic strain. Hence, the strain-dependent

behavior of the loading modulus EYS0 is related to other material effects. In (b), it is compared

to the DEChkl of three lattice planes, separately for martensite and ferrite, for DP1000. The

DEChkl for both phases for the lattice planes (110) and (211) show similar results at around

240 GPa. Again, no plastic strain-dependency is evident. The values of the DEChkl for the

lattice plane (200) are signiőcantly lower. For ferrite, it is stable for all plastic strains around
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180 GPa. For martensite, it is around 170 GPa with a slight change with increasing plastic strain.

The lattice plane (200) shows a high level of strain anisotropy and the difference between the

DEC200 for ferrite and martensite can be explained by polycrystalline grain interactions (Cong

et al., 2009). Additionally, it has to be noted that the lattice plane (200) has the lowest intensity,

which means that the counting statistics is worse compared to the others. This aspect leads to a

lower accuracy, thus the measurement of lattice plane (200) is more prone to errors than for the

other two lattice planes and less reliable. Overall, the effect of the decreasing elastic modulus

is not evident in the DEChkl for DP1000 (Figure 7.23 (b)), if one neglects the martensite lattice

plane (200).
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Figure 7.23: Comparison of E𝑌 𝑆0 with DECℎ𝑘𝑙 as a function of true plastic strain for (a)

HC260Y and (b) DP1000. For DP1000, DEC𝑝ℎ

ℎ𝑘𝑙
are differentiated into ferrite and

martensite.

7.2.4 Anelasticity

Dislocation motion and microstructural inhomogeneities are most plausible reasons for anelastic

behavior (Torkabadi, 2018) and were discussed in Section 2.5.1. Hence, the anelastic behavior

has to be correlated with microstructural behavior. However, in a őrst step, the macroscopic

anelastic behavior of the two steel materials is compared. Figure 7.24 (a) shows the anelastic

strain proportion relative to the total recovery strain (see Section 2.5.1). In this way, materials
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of different strength can be compared with each other. It can be clearly seen that the proportion

of anelastic strain is signiőcantly higher for DP1000 than for HC260Y. However, anelasticity

is also present for HC260Y. Accordingly, neither mechanism can be excluded and it appears

that both mechanisms occur. In the case of the DP1000, it is noticeable that the proportion of

anelastic strain increases signiőcantly at the beginning. This increase reduces with increasing

plastic strain. HC260Y shows an approximately linear increase of anelastic strain.

Figure 7.24 (b) reŕects the chord modulus EChord and the temperature-based loading modulus

EYS0 as a function of true plastic strain. There is no initial value for EChord, therefore the initial

value of EYS0 was used here. The chord modulus is directly related to the anelastic behavior,

since it is determined by the complete unloading curve. This can be seen by the inverse behavior

compared with its anelasticity. It decreases strongly in the beginning and seem to saturate with

increasing plastic strain, which is in good agreement with the őndings of Yoshida et al. (2002).

The loading modulus is determined on basis of the loading curve. Thus, it is independent

from the anelastic strain from unloading. For both materials, EYS0 is slightly higher than the

EChord. This difference is smaller for HC260Y. Since both, the unloading modulus and the

loading modulus show a relationship with anelasticity, it can be assumed that the mechanisms

responsible for anelastic behavior inŕuence the overall elasticity of the material.
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comparison of 𝐸𝑌 𝑆0 and 𝐸𝐶ℎ𝑜𝑟𝑑 for HC260Y and DP1000.
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Anelastic analysis of HC260Y

According to the Bailey-Hirsch relation, the square root of dislocation density is linearly pro-

portional to the hardening of the material (Bailey and Hirsch, 1960). This was analyzed using a

standard tensile test. Figure 7.25 shows the true stress versus square root of dislocation density

curve. A linear regression line through the range of elastic-plastic deformation approximately

conőrms the linear proportion between hardening and dislocation density. This is a further val-

idation of the evaluation of dislocation density within this study. It is again in good agreement

with the results of Tomota et al. (2003), where the Bailey-Hirsch relation was also proven for a

low carbon steel material, but with less experimental datapoints. Furthermore, YS0 and YSTmin

are marked in Figure 7.25 and the correlations with the onset of yielding found in Section 7.2.2

can be conőrmed again. The dislocation density starts to increase after exceeding the YS0 value.
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Figure 7.25: HC260Y - True stress versus square root of discloation density. Marked are YS0
and YS𝑇𝑚𝑖𝑛 as well as a linear őt line through the elastic-plastic range.

The motion of dislocations is seen as a driver of anelastic behavior. However, the experimental

determination of this motion is still a major challenge. With the in-situ diffraction approach

used, it is possible to determine the relative dislocation density. That is, the total line length of

dislocations per measured volume (Zhuang et al., 2019). The motion of individual dislocations

cannot be identiőed. Thus, a correlation with anelastic behavior is only possible to a limited

extent.

In order to establish a possible connection between the anelasticity and the dislocation density,

the behavior of dislocations during deformation must be discussed in more detail. Dislocations

are directly related to the hardening of the material, as they act as obstacles, creating a back
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stress (Ashby, 1970). Due to the back stress, there is a backward movement of the dislocations

during unloading (X. X. Zhang et al., 2021). This backward motion can cause dislocations to

be annihilated if they are absorbed at their source (Mompiou et al., 2012). In addition, opposing

dislocations that encounter each other during unloading can annihilate (Monavari and Zaiser,

2018). All of these effects lead to a decrease in dislocation density. Figure 7.26 shows the

dislocation density as a function of test time in (a) longitudinal and (b) transversal direction to

the loading. For clarity, three unloading-reloading cycles at higher plastic strains are shown.

The reŕection is signiőcantly wider than the instrumental resolution (measured by LaB6 powder)

for this plastic strain range and so the dislocation density signal is less noisy. When unloading,

the dislocation density decreases unambiguously for all cycles in longitudinal as well as in

transversal direction. Furthermore, the dislocation density before unloading is higher than after

plasticization in the subsequent reloading. This can be interpreted as reversible plastic strain

and thus corresponds to the deőnition of anelasticity of D. Li and Wagoner (2021).

Comparing the values of dislocation density at the beginning of reloading and the beginning

of yielding (YS0) in longitudinal direction, one őnds that these values are approximately the

same. It is noticeable that the dislocation density seems to decrease further in between. This

decrease in between is hard to explain at this stage. Bowing of dislocations can also lead to a

change in dislocation density, since it has an inŕuence on the total length of the dislocations

(Mompiou et al., 2012). In addition, dislocations that are mutually aligned can annihilate each

other again during reloading. The dislocation density change between the start of reloading

and the onset of yielding is not as pronounced in transversal direction. Here, it seems that

the density slightly increases. Effects based on dislocation motion are therefore conceivable,

because a directional dependence of the dislocation density is recognizable. Further experiments

with better instrumental resolution are needed for a more precise explanation of this effect.

In summary, with the change in dislocation density, a dislocation movement can be assumed.

Furthermore, it was shown that there is dislocation annihilation during elastic unloading and

thus plastic strain can be reversible. This can be seen as anelastic strain, which was shown in

Figure 7.24.
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Figure 7.26: HC260Y - Dislocation density versus test time. Shown are the 5𝑡ℎ, 6𝑡ℎ and 7𝑡ℎ

loading-unloading cycles of a cyclic tensile test. Vertical lines mark the start of

unloading, reloading and the onset of yielding.

Intergranular microstrains can also lead to speciőc macroscopic behavior and potentially cause

anelastic behavior. For this reason, this was also investigated. Figure 7.27 shows intergranular

strains as a function of true plastic strain in (a) longitudinal and (b) transversal direction.

Intergranular strains are present, which are negative for the lattice planes (110) and (220) and

positive for the lattice plane (200) after complete unloading. These intergranular strains can

inŕuence the macroscopic behavior. However, since hardly any changes with increasing plastic

strain can be seen in both the longitudinal and transversal directions, these cannot explain the

increasing anelastic strain.
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Figure 7.27: HC260Y - Intergranular strain versus true plastic strain for őve lattice planes in

(a) longitudinal and (b) transversal direction to the loading.

Anelastic analysis of DP1000

Due to the more complex evaluation of the overlapping peaks, a precise evaluation of the integral

breadths was not possible, in particular for the martensite phase. Accordingly, no dislocation

density could be determined for DP1000. In J. H. Kim et al. (2012) and Govik et al. (2014),

it was stated that in DP steel, interphase stresses in particular are responsible for the anelastic

behavior. For this reason, the focus here is on the evaluation and analysis of the stresses in

the ferrite and martensite phases. The lattice plane (211) is used for this purpose, because it

is hardly subject to microstructural anisotropy and more representative for the majority (Woo

et al., 2012). It is also proposed by the standard DIN EN ISO 21432 for this kind of analysis.

The phase speciőc stress 𝜎ph

hkl
can be calculated on basis of the phase speciőc DECph

hkl
and lattice

strain 𝜀
ph

hkl
by the following relation

𝜎
ph

hkl
= 𝐷𝐸𝐶

ph

hkl
⋅ 𝜀

ph

hkl
. (7.1)

This evaluation of DP1000 can be inversely validated, since the sum of the phase stresses,

calculated proportionally with their volume phase fractions, should reŕect the macroscopic

stress (see Equation 2.13). This validation is shown in Figure 7.28. The martensite phase stress

increases up to 1500 MPa, whereas ferrite hardly absorbs stresses above its yield stress of around

600 MPa. The combined sum curve, calculated with Equation 2.13, is in good agreement with

the experimental true stress-strain curve.
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Figure 7.28: DP1000 - Comparison of the macroscopic experiment with phase stress of marten-

site and ferrite for the lattice plane (211) and their combined curve calculated with

their phase fractions.

In general, three deformation states can be deőned in the microstructure:

1. el-el state: Both, ferrite and martensite are in a purely elastic state (el)

2. pl-el state: Ferrite is in an elastic-plastic state (pl) while martensite is still elastic (el)

3. pl-pl state: Both phases are in an elastic-plastic state (pl)

The transition from the őrst state to the second is at the onset of yielding (YS0) and thus can

be determined relatively accurately. The transition from the second to the third state cannot

be determined exactly due to the smooth transition of the martensite. This can be seen from

the hardening behavior of the martensite in Figure 7.28. It slowly approaches a horizontal

line and no transition point can be identiőed. Furthermore, Figure 7.28 clearly shows that

martensite absorbs much more stress than ferrite and remains essentially elastic. This results

in the martensite phase placing the ferrite phase under compressive stress during unloading.

Figure 7.29 (a) shows the martensite and ferrite phase stress again. Additionally, the residual

stress state after complete macroscopic unloading is marked. The orange area reŕects the

interphase stress (Δ𝜎Ma−Fe), i.e. the difference between the residual martensite phase stress and

ferrite phase stress at macroscopic stress free state. In Figure 7.29 (b), Δ𝜎Ma−Fe is determined

for each unloading-reloading cycle and plotted versus the true plastic strain. The curve clearly

shows that the interphase stress increases strongly at the beginning, and its increase becomes

less with increasing plastic deformation. This can be explained by the fact that the ferrite phase

plasticizes at around 600 MPa, while the martensite phase remains elastic (el-el and pl-el state).
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Due to this condition, Δ𝜎Ma−Fe increases signiőcantly until the martensite also starts to plasticize

at around 1500 MPa (pl-pl state). If this is the case, the ratio between the residual phase stress in

ferrite and martensite stabilizes and hardly changes during the unloading-reloading cycles. The

progression of interphase stresses with increasing plastic deformation is in good agreement with

the progression of anelasticity (see Figure 7.24 (a)). This indicates that the anelastic behavior is

strongly dependent on interphase stresses.
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Figure 7.29: DP1000 - (a) Phase stresses and their residual stresses at complete unloading

versus true strain and (b) residual interphase stresses versus true plastic strain.

A closer look at the unloading-reloading cycles in Figure 7.29 (a) reveals that ferrite shows clearly

a more pronounced hysteresis than martensite. It is also noticeable that the curve becomes more

nonlinear, especially in the lower part of the unloading curve, i.e. when ferrite enters the

compressive range. The instantaneous tangent modulus for the phase stresses of the ferrite and

martensite as well as the macroscopic stress was calculated for four unloadings to investigate

this behavior in more detail (see Figure 7.30). The instantaneous tangent modulus gives the

slope for each measuring point to the respective neighboring measuring points. This means

that a change in the tangent modulus during the unloading corresponds to nonlinear behavior.

For better clarity, a vertical line is added at the state, where ferrite enters the compressive

range during unloading (Figure 7.30 (a)). The tangent modulus in ferrite shows a signiőcant

decrease with compressive loading. At the őrst unloading, the tangent modulus decreases to

about 120 GPa, at the second already to below 100 GPa. Between the second, third and fourth

unloading, there is no big difference. This again corresponds to the anelastic behavior, which

increases signiőcantly in particular at the beginning of plastic deformation. Martensite shows
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less nonlinearity (Figure 7.30 (b)). At the end of unloading, there is a slight decrease, but it

is much smaller than with ferrite. It can be assumed that this is related to the residual phase

stresses, which remain in the tensile range in the case of martensite. Figure 7.30 (c) shows the

tangent moduli for the macroscopic true stress. The behavior reŕects a combination of that of

ferrite and martensite. It is in good agreement with the results in Cleveland and Ghosh (2002),

where a similar evaluation was done for high-strength steel, but only macroscopically.
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Figure 7.30: DP1000 - Instantaneous tangent modulus during UL for (a) ferrite phase stress,

(b) martensite phase stress and (c) macroscopic true stress. The tangent moduli

are calculated for four unloadings.

In summary, anelastic behavior occurs in both HC260Y and DP1000. It is much more pro-

nounced in DP1000. Dislocation motion could be detected in the HC260Y by the analysis of the

dislocation density and a correlation is conceivable. For DP1000, it was shown that interphase

stresses occur in the same way as the anelastic strain. It is assumed that in particular the different

behavior between martensite and ferrite can be seen as a main driver for the signiőcant anelas-

ticity in this material. It has also been shown that the ferrite is subjected to compressive stress by

the much harder martensite phase when unloaded. This compressive loading leads to signiőcant

increasing nonlinear behavior, which is in good agreement with the nonlinear behavior of the

macroscopic curve. Therefore, the anelasticity arises due to the compressive loading, and thus

the load change in the ferrite.
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7.2.5 Re-yielding

In this section, the re-yielding behavior for both single-phase and dual-phase steel is analyzed at

microstructural and macroscopic levels. Based on these investigations, conclusions are drawn

on the material behavior after changing the load direction. As in the previous sections, lattice

strains, peak widths, dislocation densities and phase stresses are used in this analysis. To identify

a possible tension-compression asymmetry, additional compression tests were performed. In

the end, by correlating the results with the temperature measurements (see Section 7.1.4),

conclusions are drawn about the temperature measurement in the TC test.

Analysis of tension-compression asymmetry

In order to be able to attribute differences between the tension and compression behavior to

the Bauschinger effect, the inŕuence of a possible TC asymmetry must be known. In theory,

the onset of yielding during uniaxial tension and compression is assumed to be the same, but

this assumption could be disproved for several materials (Maeda et al., 2017). For example, for

magnesium materials, a pronounced tension-compression asymmetry was demonstrated (hcp)

(Lou et al., 2007). For materials with bcc or fcc lattice structures, it is known that they do not

show such asymmetry (Mehrabi et al., 2020). However, there are studies that showed asymmetric

tension and compression behavior also for low carbon steel (Koizumi and Kuroda, 2018) and

high-strength dual-phase steel (J. Kim et al., 2022).

Compression tests were performed to investigate the asymmetry using the utg setup. The

stress-strain curves of the compression tests were then compared with those of the tensile test.

Figure 7.31 shows the results for this investigation for (a) HC260Y and (b) DP1000. For better

comparability, the compression curves are plotted inversely. The compression stress-strain curve

of HC260Y is clearly higher than the tensile curve. Hence, the onset of yielding is at higher

stresses and asymmetric TC behavior occurs. The compression and tensile stress-strain curves

for DP1000 hardly differ. At approximately 0.5 % true strain, it slightly starts to deviate and

the compression stress-strain curve shows slightly higher stresses. This indicates a minor TC

asymmetry for DP1000 and the yielding seems to be not affected.
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Figure 7.31: Comparison of stress-strain curves of compression and tensile test for (a) HC260Y

and (b) DP1000. The compression curves are plotted inversely.

HC260Y

Macroscopic stress-strain curves of the TC test of HC260Y have already been shown in Sec-

tion 7.1.4. There, it was also shown that a temperature-based determination of the re-yielding

was possible. Now the focus is, whether the determined stress value YSre also shows a correlation

with the microstructural behavior.

Figure 7.32 (a) shows the true stress versus true strain curve for a TC test performend under

synchrotron radiation (DESY setup). YSre is marked. YSre is -177 MPa with a standard deviation

of 10 MPa. In comparison, the average YS0 value for this material is 178 MPa. Hence, the

temperature-based determined parameters for yielding show similar results for initial yielding

and re-yielding after load path change at around 3 % true tensile prestrain. Figure 7.32 (b)

reŕects the dislocation density for the unloading and compression range, highlighted in blue in

(a). The dislocation annihilation during UL has already been addressed and can be conőrmed

here. During compressive loading, the dislocation density hardly decreases any more, and above

a certain stress range, a clear increase can be seen. This range reŕects the re-yielding. For better

estimation of the YSre parameter, it is plotted on the dislocation density curve. In fact, the

value is in the range from which the dislocation density starts to increase again. Thus, also for

the temperature-based determination of the re-yielding, at least for the single-phase material, a

direct correlation with the microstructural material behavior can be established.
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Figure 7.32: HC260Y - (a) True stress-strain curve of TC test and (b) true stress versus disloca-

tion density for the unloading-compression range. Additionally, YS𝑟𝑒 is marked in

both plots.

In addition to the dislocation density, the relationship between re-yielding and lattice strains

is analyzed. Figure 7.33 shows the lattice strains for four lattice planes versus the true strain.

Again, only the unloading and compression range is plotted (see Figure 7.32 (a) blue range).

The different values at the start of unloading indicate intergranular strains, i.e. microstructural

anisotropy. The lattice strains show a smooth elastic-plastic transition under compressive loading

and the individual lattice strains differ in their yielding behavior. This different yielding behavior

was already discussed in Section 7.2.2 and is called grain-to-grain yielding.
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Figure 7.33: HC260Y - Lattice strain versus true strain for őve lattice planes with YS𝑟𝑒.
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In order to evaluate the extent of grain-to-grain yielding, it is necessary to compare yielding

with and without change of load direction. Figure 7.34 shows this comparison. In (a), the

tensile loading of a cyclic tensile test after around 2.6 % true tensile prestrain is presented. In

(b), the compressive loading of a TC test after 3 % true tensile prestrain is plotted. In order to

compare the relation of lattice strains with the macroscopic TC curve, the areas in which the

macroscopic curve is in tension and compression are colored in (b). Vertical lines highlight the

parameters YS0 and YSTmin for tension and YSre for TC. Without changing the load direction,

there is a sharp transition from elastic to elastic-plastic behavior. Almost no grain-to-grain

yielding is evident, since there is hardly any difference between the particular lattice strains (see

Figure 7.15). This is explained by the fact that slip systems have already been activated in the

respective load direction and, if the same direction of reloading is used, they can be reactivated

more easily. When compressive loading is applied to the material after initial tensile loading

(Figure 7.34 (b)), it can be seen that a particularly smooth transition occurs. The lattice planes

appear to plasticize differently and thus, a pronounced grain-to-grain yielding can be seen. The

results show that the Bauschinger effect also occurs at the microstructural level.

(a) Reloading in cyclic tensile test (b) Unloading and compression in TC test 
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Figure 7.34: HC260Y - (a) Lattice strain versus true strain for tensile loading and (b) for

compressive loading. Vertical lines highlight YS0, YS𝑇𝑚𝑖𝑛 and YS𝑟𝑒. Plot (b) is

divided in the macroscopic tensile and compression range.

The stress value YSre reŕects the beginning of re-yielding well. Without changing the load

direction and after around 3 % true strain, the lattice strains show values between 1300 ➭m/m

and 2300 ➭m/m. With the change in load direction, values between -1500 ➭m/m and -2500 ➭m/m
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are reached for the őve considered lattice planes. During compression, the microstructure seems

to be able to absorb more strain and hence, resist higher stresses. This can be explained by

the TC asymmetry investigated and shown in Figure 7.31 (a). It should be noted here that not

exactly the same tensile prestrains are compared.

In summary, there is no early re-yielding in HC260Y as early re-yielding is deőned as plas-

ticization under macroscopic tensile load here. The re-yielding occurs in the macroscopic

compressive range. Nevertheless, there is a clear difference in grain-to-grain yielding compared

to without load change, which conőrms the Bauschinger effect also at the microstructural level.

Temperature-based evaluation of the YSre parameter shows good agreement with microstruc-

tural plasticization. Thus, the temperature-based evaluation method could also be validated for

re-yielding, at least for the single-phase steel.

DP1000

For DP1000, the re-yielding analysis is more complicated due to the interaction of the two

phases. On the one hand, it has already been established that the ferrite phase plasticizes at

higher stresses than for a single-phase ferritic material. On the other hand, the ferrite is exposed

to the much harder martensite, which absorbs further elastic strain and thus further prestresses

the ferrite.

Figure 7.35 shows for a őrst overview in (a) the macroscopic true stress-strain curve and in

(b), the true stress versus lattice strain curve for the lattice plane (211). For better clarity,

characteristic points are marked in the microstructural curves as well as in the macroscopic

curve. As in the cyclic test, ferrite and martensite lattice strains increase equally under tensile

loading until plasticization of the ferrite occurs, which is reŕected by YS0. Martensite then

absorbs additional elastic strain. In Figure 7.35, the start of elastic unloading is shown with a

black dot in the macroscopic curve and correspondingly in the ferrite and martensite curves.

The signiőcantly larger elastic strain absorbed in the martensite causes the ferrite to enter a

compression state during unloading already under macroscopic tensile stress (see red circle

"Fe-Zero"). The martensite enters the compressive state later (see red square "Ma-Zero"). At

this point, the macroscopic stress is already negative. In the macroscopic compression range,

no linear behavior is recognizable for both phases. The ferrite seems to plasticize directly and

inŕuences the behavior of the martensite, similar to its behavior in tension.
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Figure 7.35: DP1000 - (a) True stress-strain curve of TC test and (b) true stress versus lattice

strain separated for ferrite and martensite for the lattice plane (211). Additionally,

the characteristic states zero ferrite lattice strain (Fe-Zero), zero martensite lattice

strain (Ma-Zero) and start of unloading (Start UL) are marked in both, (a) and (b).

Figure 7.36 shows true macroscopic stress versus lattice strain curves for three lattice planes.

Plotted is the unloading-compression range (see Figure 7.35 (a) blue range) for ferrite and

martensite. The curves are zeroed at the beginning of the unloading for better comparability.

The slope differences again conőrm strong microstructural anisotropy. Furthermore, it can be

seen that after macroscopic stress zero crossing, the curves become nonlinear. This indicates

plasticization. The curves for ferrite converge to a vertical line, i.e. they can no longer absorb

any further strain and plasticize completely. Martensite, on the other hand, does not appear to

plasticize, since lattice strain can be absorbed over the entire compressive loading.

The ferrite phase already changes to compression during macroscopic tensile stress. Due to the

signiőcantly lower onset of yielding compared to martensite, the softer ferrite has a signiőcant

inŕuence on the macroscopic yielding and re-yielding behavior. For HC260Y, in Figure 7.34,

the comparison of tensile and compression curve at a similar tensile prestrain was shown. The

ferrite showed comparable behavior for both cases. Similar lattice strain values were obtained,

slightly higher in compression, possibly due to the TC asymmetry. This means that the onset of

yielding of ferrite is comparable in compression and tension. Only the grain-to-grain yielding

was signiőcantly different due to the change in load direction. Accordingly, for DP1000, ferrite

can be expected to start plasticizing in compression at values similar to those in tension.
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Figure 7.36: DP1000 - True stress versus lattice strain for three lattice planes plotted for the

unloading-compression range for (a) ferrite and (b) martensite.

Figure 7.37 shows a comparison of (a) a reloading in a cyclic tensile test and (b) an unloading

and compression in a TC test for similar true strain values. As assumed on basis of the results

for HC260Y, comparable values are achieved in tension and compression. The lattice strain of

the lattice plane (200) converges at close to 4000 ➭m/m in tension and in about -4000 ➭m/m in

compression. The absolute values for the lattice planes (110) and (211) are between 2500 ➭m/m

and 3000 ➭m/m in both tension and compression. Furthermore, the signiőcant difference

in grain-to-grain yielding can be conőrmed for DP1000 ferrite as well. After changing the

load direction, a signiőcantly smoother transition from elastic to elastic-plastic deformation

takes place. The macroscopically prevailing stress state is shown by the background colors in

Figure 7.37 (b). Due to the harder martensite, the macroscopic zero stress state for ferrite is near

the onset of its compressive yielding. The lattice strain curves indicate that plasticization has

even started before the macroscopic zero stress state. This means, that the onset of yielding in

DP1000 depends on the ferrite phase, both in tension and in compression. The prestressing of

the ferrite by martensite means that ferrite is already at the onset of yielding when macroscopic

compressive stress is reached. This interaction explains the signiőcant Bauschinger effect in this

material and again suggests that microstructural inhomogeneity is one of the main drivers for

anelastic and re-yielding behavior. The shift of the onset of yielding of the ferrite relative to the

macroscopic stress-strain state can be seen as microstructural conőrmation for the necessity of

a kinematic hardening model in the FEM simulation.
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(a) Reloading in cyclic tensile test (b) Unloading and compression in TC test 
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Figure 7.37: DP1000 - (a) Ferrite lattice strain versus true strain for tensile loading and (b) for

compressive loading. Plot (b) is divided in the macroscopic tensile and compression

range.
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In Chapter 7, the results from various experiments were shown. The objective was to gain deeper

understanding of materials in order to better understand springback. New temperature-based

material characterization methods have been presented. With these, it was possible to determine

the plastic onset of yielding, the loading modulus and the re-yielding (for HC260Y) based on

the specimen temperature during tension and tension-compression tests. In the following, it is

discussed how these őndings and new parameters are suitable for modeling springback and, in

particular, hardening behavior.

In Section 2.5.3, several hardening models were addressed. The results of this study conőrmed

a signiőcant Bauschinger effect for dual-phase steel. It was found that due to the inŕuence of the

harder martensite, the onset of yielding of ferrite is shifted relative to the macroscopic onset of

yielding. The usefulness of using a kinematic hardening model could thus be demonstrated by

the ferrite, whose yield surface was shifted relative to the macroscopic one due to the martensite.

In Chaboche and Rousselier (1983), a nonlinear kinematic hardening model was introduced.

Therefore, the kinematic hardening rule was combined with a nonlinear isotropic model. This

model was the basis for the mixed isotropic-kinematic model of Yoshida and Uemori (2002).

The model was extended by work hardening stagnation and early re-yielding (Grubenmann

et al., 2018). The YU model has been shown to be very useful for predicting springback

and hardening in high-strength materials, like the dual-phase steel (Kessler et al., 2008). The

disadvantage of this model is that ten parameters are necessary for it and their determination

is not trivial. On the other hand, cyclic tension tests and tension-compression tests, which are

necessary for the determination of the parameters, are nowadays part of the standard repertoire in

material characterization. Furthermore, software, like LS-Opt from DYNAmore GmbH, allow

a simulation-based determination of the values.

In this work, the plastic onset of yielding YS0 and the loading modulus EYS0 were determined

in a novel way. Both parameters are directly included in the YU model and have an inŕuence

on the determination of the other parameters. For this reason and due to the good suitability

of the model for DP steel, the YU model was chosen for the discussion of the inŕuence of

the parameters on existing modeling approaches. A one-element test is performed using FEM

software LS-DYNA. The parameter identiőcation is done classically according to Yoshida and

Uemori (2002) and is summarized in Section 8.1. To investigate the inŕuence of the temperature-
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based determined parameters, these are compared with the parameters determined according to

the standard DIN EN ISO 6892-1.

8.1 Application in Yoshida-Uemori Hardening Model

Three elasticity parameters and seven plasticity parameters have to be determined for the YU

model. A detailed description of the backstress equations to describe the re-yielding behavior

as well as the determination approach of the parameters can be found in Yoshida and Uemori

(2002). Table 8.1 summarizes the parameters necessary. Two parameter sets are determined.

One based on the equivalent onset of yielding (YS0.2%) and loading modulus according to the

standard (EDIN) and one based on the temperature-based onset of yielding (YS0) and loading

modulus (EYS0).

Table 8.1: Elastic and plastic parameters necessary for YU hardening model.

Elasticity Plasticity

E0 Ea 𝜁 Y B Rsat bYU CYU m h

8.1.1 Parameter Identiőcation

The determination of the three elasticity parameters with a cyclic tensile test has already been

explained in Section 2.5.2. For the initial loading modulus E0 and the saturated elastic modulus

Ea, the values for EDIN and EYS0 can be used directly. The material constant 𝜁 can be determined

with Equation 2.9.

In the following, the parameter identiőcation of the plasticity parameters is described. Parameter

𝑌 reŕects the onset of yielding and thus the initial size of the yield surface. It is constant for all

plastic deformations. Here, the equivalent onset of yielding (YS0.2%) is originally used. This is

compared with the use of YS0 instead. The remaining plasticity parameters must be determined

on basis of the yield curve of a uniaxial TC test. Figure 8.1 shows a schematic representation of a

TC curve. Highlighted are the model parameters, necessary for the calibration of the YU model.

For better understanding, the stress-strain curve in Figure 8.1 has been divided into areas labeled

(a) to (g). In the uniaxial case, the yield curve has to be calculated with the corresponding elastic

loading modulus and onset of yielding. This results in different yield curves for the approach

according to DIN EN ISO 6892-1 with EDIN and YS0.2% and the temperature-based approach
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with EYS0 and YS0. The two parameters inŕuence the values of all other parameters in this way.

The yield curve of the TC test has to be divided in a forward (fow) and a reverse (rev) bounding

surface. The forward curve starts at 𝑌 (point (a)) and ends at the maximum plastic strain 𝜀pl,0

before unloading (point (b)). The reverse curve starts at the re-yielding point (point (c)), which

is deőned to 2 ⋅ 𝑌 subtracted from 𝜎0 and ends at 𝜀pl = 0 (point (e)).
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Figure 8.1: Schematic overview of YU parameters in the TC yield curve according to Yoshida

and Uemori (2002).

To determine the initial size of the bounding surface 𝐵, a range of datapoints starting from 𝜀pl,0

(point (b)) is őtted backwards with the following equation,

𝜎fow = 𝐵 + (𝑅sat + 𝑏YU)(1 − 𝑒−𝑚𝜀𝑝𝑙) . (8.1)

The range of datapoints must be chosen to match the stress-strain curve and is user-dependent.

This őt provides the parameters 𝑚 and 𝑅sat + 𝑏YU. The parameter 𝑏YU is determined in the

next step to obtain separate values for 𝑅sat and 𝑏YU. Therefore, the area of permanent softening

has to be deőned. This is done with a linear regression line in the section (c) to (e) of the

stress-strain curve, starting from (e) backwards. The number of datapoints considered for this

linear regression must be chosen to match the area of permanent softening as good as possible

(see range (d) to (e)). The parameter 𝑏YU reŕects the beginning of the reverse bounding surface

and can be determined by

𝜎B0 = 2𝑏YU(1 − 𝑒−𝑚𝜀pl,0) . (8.2)

In this equation, 𝜎B0 represents the difference between the linear regression line of the permanent

softening in the reverse bounding surface (point (f)) and the value for isotropic hardening at 𝜀pl,0
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(point (g)). For 𝑚, the value from Equation 8.1 is taken.

The parameter 𝐶YU describes the rate of kinematic hardening and is identiőed in the range of

the transient softening of the material (points (c) to (d)). To determine it, the ratio of 𝜎B to 𝜀pl is

formed from the re-yielding (point (c)) to the intersection with the linear regression line (point

(d)) used before. This ratio is őtted with Equation 8.3 and thus 𝐶YU can be determined. The

parameter 𝑘 in Equation 8.3 is a constant, which is not further considered in the YU model.

𝜎B = 2𝑘𝑒−𝐶YU𝜀pl (8.3)

Material parameter ℎ is used to adjust the modeling results to the cyclic stress-strain curves

(Yoshida and Uemori, 2002) and can be determined via experiments and simulations. It reŕects

the expansion of non-isotropic hardening and its value can vary between 0 and 1 (Thaweesak

Phongsai et al., 2016). According to Thaweesak Phongsai et al. (2016), this parameter shows

only little inŕuence in the LS-DYNA solver and is therefore set to the default value of ℎ = 0.5.

The data ranges for the extrapolation in the forward bounding surface with Equation 8.1 and for

the linear regression line to determine the area of permanent softening in the reverse bounding

surface have been chosen to be 50 % here, for both parameter sets. Table 8.2 shows the

parameters identiőed with this approach and settings.

Table 8.2: Parameter sets for YU hardening model identiőed with values according to the stan-

dard (Set DIN) and temperature-based values (Set Temp) for DP1000.

E0 Ea 𝜁 Y B Rsat bYU CYU m h

Set GPa GPa - MPa MPa MPa MPa MPa - -

DIN 208.3 181.8 76.0 714.7 760.8 65.7 240.7 256.4 59.0 0.5

Temp 202.6 167.8 76.4 430.2 704.9 48.1 308.8 363.3 62.0 0.5

8.1.2 One-Element Test

The inŕuences of the temperature-based parameters on the YU model are investigated. The one-

element test is suitable for this investigation, since other inŕuences such as meshing, friction

or the stress state of a component in the FEM simulation can be excluded. For the calibration

in Section 8.1.1, the DP1000 TC test (DESY setup) discussed in Section 7.2.5 and shown in

Figure 7.35 (a) is used. The element was deőned and constrained as shown in Figure 8.2 (a)
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and a fully integrated shell element was used. The side length was deőned as 100 mm and a

sheet thickness of 1 mm was set. The displacement was set to match the displacement of the

experiment. The element was őrst stretched 3.07 % and then compressed to -0.41 % before being

unloaded to 0.07 %. This corresponds to the strain at 0 MPa after testing in the experiment. All

strain values given are engineering strains. Throughout the simulation, 300 calculation steps

were performed and Figure 8.2 (b) shows the displacement versus calculation step curve for the

one-element test. MAT_125 was used as the material card for the YU calculations. MAT_036

(Barlat 89) was used for the calculation of the isotropic curve. The yield curve for MAT_036

was deőned in tabular form, calculated conventionally with EDIN and YS0.2%.
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Figure 8.2: (a) Schematic illustration of the one-element test performed in LS-DYNA and (b)

displacement versus calculation steps used for the simulation.

Figure 8.3 shows the results for the one-element tests. Shown are the curve of the experi-

mental data, the calculated isotropic curve (Barlat 89), the calculated isotropic-kinematic YU

curve identiőed with standard values (YU - DIN) and the calculated YU curve identiőed with

temperature-based parameters (YU - Temp-based).
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Figure 8.3: DP1000 - Experimental stress-strain curve of a TC test in comparison with the results

of the one-element test (LS-DYNA). Shown are the results for an isotropic material

model and two differently calibrated YU material models. One uses the values

determined according to the standard (DIN) and the other one, the temperature-

based determined values (Temp-based).

The curves are explained below on the basis of three characteristic areas (see Figure 8.3).

• Area 1: Onset of yielding

In this area, deviations between the calculated curves and the experiment occur. The

temperature-based curve starts at a signiőcantly lower value (𝑌 = YS0 = 430.2 MPa) than

the conventional YU curve and the isotropic curve (both 𝑌 = YS0.2% = 714.7 MPa). This

results in the temperature-based curve being below the experiment at the beginning. The

other two curves are above the experimental data curve. It seems that an earlier onset

of yielding at lower stress values results in a smoother beginning of the elastic-plastic

transition in the model. It is conceivable that such an early onset of plastic yielding for the

type of material was not considered when developing the model. Therefore, this smooth

elastic-plastic transition cannot be accurately reproduced. The marginally different initial

Young’s modulus has no inŕuence on the results. In future, it is conceivable that the onset

of yielding could be calibrated similarly to transient softening. With the temperature-

based method, three parameters are now available for the onset of yielding. These are
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YS0, YSTmin and YS0.2%. Using these three parameters, which can be determined directly

in the same experiment, the elastic-plastic transition can be modeled more precisely. This

can lead to advantages in particular for materials with a large and smooth elastic-plastic

transition, such as DP1000. All three calculated curves agree well with experiment as the

tensile load progresses.

• Area 2: Re-yielding

This kind of material shows a strong Bauschinger effect, i.e. re-yielding occurs early. As

shown, this can be attributed to the interaction of the phases. The particularly smooth

elastic-plastic transition after changing the load direction is due to strong grain-to-grain

yielding. This behavior cannot be reproduced by the isotropic curve, which is why there is

a very large deviation from the experiment. No variable elastic modulus is implemented

which leads to an underestimation of the springback after tensile unloading. In addition,

the isotropic curve approaches the experimental curve only slightly in the further course

of the compression, because permanent softening is not considered. The necessity of

a kinematic model becomes clear. Comparison of the two YU curves shows that both

reŕect early re-yielding. However, the curve based on the temperature-based parameters

reproduces this behavior much better and is closer to the experimental data. By using

YS0, which is much lower than YS0.2% for this material, re-yielding is also earlier as it is

dependent on 𝑌 in this model. This seems to agree very well with the behavior of the

macroscopic curve. It is in good agreement with the onset of yielding in ferrite and thus,

the use of 2 ⋅ 𝑌 in the model can be seen as reasonable. Another aspect may cause the

temperature-based curve to give a better result. Similar to tension, using YS0 instead of

YS0.2%, a larger area of the experimental curve is considered when calculating the reverse

plastic yield curve. Thus, more data is considered for the parameter identiőcation in

the critical area and the round behavior can be better represented. The YU-DIN curve

approaches the experimental curve only in negative strain region, while the YU-Temp-

based curve shows good agreement for the whole compression range.

• Area 3: Elastic unloading after tension-compression

It is noticeable that none of the calculated curves can reŕect the elastic unloading after

TC loading. The experimental curve is steeper than the calculated curves. However, for

a component, this elastic unloading would also be important for springback prediction.

The YU curves take into account a variable Young’s modulus. Thus, the unloading

after tension can be mapped more precisely. However, this modulus is also used in

the subsequent unloading from compression. A possible increase of the modulus under

compression is not taken into account. The isotropic curve shown uses the initial elastic
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modulus for all three areas. The experimental curve indicates that the elastic modulus

decreases under tensile loading and increases again under compressive loading. This

behavior has been studied microstructurally and is discussed in the following Section 8.2.

In summary, the use of temperature-based elasticity parameters in the YU model leads to a

signiőcant improvement in the mapping of experimental data. In particular, the area of re-

yielding and the elastic-plastic transition in compression after initial tensile loading can be

better represented. On the other hand, when using YS0 as 𝑌 , the assumption of Yoshida and

Uemori (2002) to calculate the re-yielding with 2 ⋅ 𝑌 proves to be reasonable. Furthermore, the

additional parameters YS0 and YSTmin for the onset of yielding offer great potential to further

reőne the model.

8.2 Recovery of Elastic Modulus

When comparing the experimental data with the YU model, it is obvious that the elastic unloading

after TC loading could not be reproduced well. The experiment shows that the elastic modulus

increases again. It was shown in Section 7.2.4 that the decreasing elastic modulus signiőcantly

depends on the difference of martensite and ferrite phase stresses. In the case of tensile loading,

this delta increases strongly at the beginning and then saturates. The decrease of the elastic

modulus behaves in the same way.

Figure 8.4 shows this analysis for a TC test. In (a), the martensite and ferrite phase stresses are

plotted versus the true strain. Furthermore, the phase stress state at 0 MPa macroscopic stress is

marked for both, ferrite and martensite. In (b), the true stress versus true strain curve is shown

and the initial loading modulus, the chord modulus after tension and after tension-compression

are highlighted.

On basis of the markers used for ferrite (circle) and martensite (square) in Figure 8.4 (a), it

is already noticeable that the interphase stress Δ𝜎Ma−Fe is reversed after TC compared to after

tension. Table 8.3 gives the absolute values for the speciőc states. After around 3 % tensile

strain, Δ𝜎Ma−Fe is at 846 MPa, which leads to a signiőcantly decreased chord modulus compared

to the initial value of around 202 GPa. After subsequent compression to around -0.4 % strain, it

is -552 MPa (see Figure 8.4 (a)). Now the martensite has a residual compression state and the

ferrite has a tensile state. The measured chord modulus after TC with 191.7 GPa is clearly higher

than after tension with 173.4 GPa, but does not reach the inital value (see Figure 8.4 (b)). These

results show that the elastic modulus can recover. Furthermore, a connection with interphase
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stresses is again conceivable, since these are reversed in compression. It is possible that the

stress built up by the martensite on the ferrite leads to this behavior.

In addition, a recovery of the material in the form of annihilation of dislocations cannot be

excluded here. For this purpose, the FWHM or IB of the martensite and ferrite as well as their

peak shapes would have to be investigated in more detail. The proőles shown in Figure 6.11 (d-f)

indicate that their width decreases again under compressive loading. Experiments with higher

instrumental resolution are necessary for this.
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Figure 8.4: DP1000 - (a) Martensite and ferrite phase stresses during TC test and Δ𝜎𝑀𝑎−𝐹𝑒

at 0 MPa macroscopic stress after tension (T) and tension-compression (TC). (b)

Macroscopic stress-strain curve with initial loading modulus (E0), chord modulus

after tension (E𝐶ℎ𝑜𝑟𝑑,𝑇 ) and after tension-compression (E𝐶ℎ𝑜𝑟𝑑,𝑇𝐶 ).

Table 8.3: Interphase stresses after tension and after TC and corresponding elastic modulus

values.

Δ𝜎Ma-Fe after T EChord,T Δ𝜎Ma-Fe after TC EChord,TC

846 MPa 173.4 GPa -552 MPa 191.7 GPa
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The importance of accurate numerical simulation for production technology was discussed.

Complex phase compositions and microstructures of high-strength steels nowadays make it pos-

sible to achieve high formability at high strengths. However, this complex material composition

results in material-speciőc characteristics, which prove to be a major challenge for modeling.

This work addressed that issue. The overall objective was to improve numerical simulation. To

achieve this goal, the present work focused on deepening the understanding of steel sheet ma-

terials by advanced experimental investigations and improving material characterization in this

way. Figure 9.1 summarizes the idea behind this research project and illustrates the particular

steps in form of a cycle.

Deepening of material 

understanding

Experimental investigation

Improvement of material 

characterization

Application in modeling 

approach

Improvement of 

experimental analysis

Adaption of modeling

Precise numerical modeling

Adressed in this study

Outlook

Figure 9.1: Illustration of a cycle for continuous improvement of numerical simulation.

By developing new and sophisticated experimental methods, it is possible to generate new

material data and correlations. These make it possible to expand and improve material charac-

terization, for example by introducing new evaluation methods and parameters. The next step is

to transfer these parameters into models and to investigate their inŕuence. Based on the knowl-

edge gained, existing models can be adapted and extended or new models can be developed.
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With continuous improvement of the experimental methods and measurement technologies, this

procedure closes a cycle.

An experimental procedure has been conducted that allows the investigation of the materials at

macro and micro levels. More precisely, an in-situ diffraction analysis for tensile and tension-

compression tests was set up, which includes a time-synchronous measurement of macroscopic

and microstructural material behavior. Cyclic tension tests as well as tension-compression tests

were developed and carried out for this purpose in a particle accelerator under synchrotron radia-

tion. In this way, it was possible to correlate macroscopic elastic-plastic material characteristics,

such as the onset of plastic yielding and the elastic modulus as well as anelastic behavior and

early re-yielding, with the microstructural behavior. Lattice strains and phase stresses calculated

by the peak shift and dislocation densities calculated by the peak broadening of diffraction

proőles were evaluated for different lattice planes. On the macroscopic level, load, strain and the

specimen temperature were measured precisely. This experimental approach made the following

analyses and results possible.

Based on the thermoelastic effect, a temperature-based determination method for both the onset

of yielding and elastic loading modulus was developed. Therefore, temperature measurement

during uniaxial tensile and TC tests was studied comprehensively for its accuracy, sensitivity and

robustness. Findings on the thermal behavior were collected, which enabled a reliable evaluation

of the temperature signal. The parameters yield stress at zero plastic strain YS0 and yield stress

at temperature minimum YSTmin have been introduced. Correlations with the microstructural

behavior conőrmed that the material is already plastically deformed at the stress value YSTmin.

However, it could be shown that this parameter is signiőcantly closer to the onset of yielding

than the conventionally used parameter YS0.2%. Furthermore, no evaluation is necessary, since

the value can be measured directly. Thus, it is less user-dependent. An extensive study on

the measurement of the temperature minimum in tensile tests showed that the minimum can be

measured very precisely with standard deviations of less than 2.5 %. This parameter is ideally

suited for implementation in testing software and thus for industrial application.

The relationship between the thermoelastic effect and specimen temperature was investigated

and the meaningfulness of the temperature-based onset of yielding YS0 was demonstrated by

correlation with microstructural behavior. The newly found parameter YS0 reŕects the onset

of yielding with good accuracy for both the single-phase ferritic material HC260Y and the

dual-phase steel DP1000. Lattice strains and especially the dislocation density, which increased

signiőcantly, when YS0 was exceeded, showed this. By accurately determining the onset of

plastic yielding, a physically based upper limit for determining the elastic modulus was found.
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Thus, a new determination method for the loading modulus (EYS0) could be introduced. The

comparison with other determination methods, for example the procedure according to the

standard, showed that the newly found method provided values that are more reasonable. In

addition, the user interference is low with the new method, so that there is good reproducibility

and robustness.

Using a sophisticated TC test rig, it was possible to determine the re-yielding (YSre) of HC260Y

in compression after initial tensile loading, also via temperature. The newly found parameter

YSre was also validated with the dislocation density. In DP steel, this was not possible at the time

due to the signiőcant Bauschinger effect. This must be implemented in future work by further

improving the test rig and the temperature measurement.

Besides the microstructural validation of the thermoelastic effect and the newly deőned param-

eters, material understanding was deepened using advanced synchrotron measurements. The

following bullet points summarize the main őndings on elastic-plastic microstructural material

behavior.

• Grain-to-grain yielding

It was shown that individual lattice planes do not plasticize simultaneously, but differ in

their onset of yielding. This behavior is referred to grain-to-grain yielding (Tomota et al.,

2003). Especially at initial loading, a signiőcant grain-to-grain yielding was observed.

After initial plasticization, i.e. activation of the slip systems, the grain-to-grain yielding

was lower. A particularly signiőcant grain-to-grain yielding was found after changing the

loading direction. Thus, it could not only be shown that the initial activation of the slip

systems has an inŕuence on the plasticization, but that a certain directional dependence

prevails. A correlation of the smooth elastic-plastic transition with intergranular stresses

due to different grain behavior is conceivable. The comparison with the temperature-based

parameters showed that YS0 approximately reŕects the start time and YSTmin the end time

of grain-to-grain yielding.

• Annihilation of dislocations

In literature, anelastic behavior is mainly attributed to dislocation motion and microstruc-

tural inhomogeneities. Dislocation motion is difficult to determine, but it was possible

to determine the dislocation density for the single-phase material HC260Y. It has been

shown that the peak width decreases and it is assumed that this means the dislocation

density decreases during elastic unloading. It has also been shown that during reloading,

there is a further marginal decrease until it increases again. Furthermore, the behavior

in the dislocation density differed in the transversal and longitudinal directions. These



134 9 Summary and Outlook

results suggest dislocation motion during elastic deformation. According to the deőnition

of D. Li and Wagoner (2021), anelastic strain corresponds to reversible plastic strain.

The decrease in dislocation density indicates that this reversible plastic deformation must

be present. Another indication is that the density after reloading was lower than before

previous unloading.

• Interphase stresses as the main driver for anelasticity and early re-yielding

Neither of the two most plausible reasons for anelastic behavior, namely dislocation motion

and microstructural inhomogeneities, can be excluded. This is because the single-phase

material, where interphase stresses cannot occur, still exhibited anelastic behavior. Inho-

mogeneities due to inclusions or microstructural anisotropy in form of intergranular strains

were also investigated for this material and no correlation was found. The comparison of

the anelastic and re-yielding behavior of the single-phase and dual-phase steel showed that

the phenomena are much more pronounced in the DP steel. The evaluation of the behavior

of ferrite and martensite phase stresses during tensile and tension-compression loading

made it possible to analyze interphase stresses. A correspondence between interphase

stress and anelastic behavior was demonstrated. The hard martensite plasticizes at higher

plastic strains than the ferrite. Thus, the interphase stresses increase signiőcantly at the

beginning of plastic deformation, where ferrite is already plasticized and martensite is

still elastic. When the martensite plasticizes as well, the interphase stress saturates. This

behavior reŕects the decreasing chord modulus and thus anelastic behavior. The interac-

tion of the two phases causes the martensite to preload ferrite in such a way that the latter

already re-yields under macroscopic tensile load depending on the plastic strain. It can

be assumed that this property, together with a signiőcant microstructural anisotropy and

grain-to-grain yielding, leads to the signiőcant Bauschinger effect. This microstructural

behavior resembles a shift in the ferrite yield locus relative to the macroscopic behavior.

Thus, it can be compared to kinematic hardening. These őndings were possible due to the

separate evaluation of the martensite and ferrite phases. Existing evaluation approaches

were taken up, adapted and further improved.

It was possible to show in a one-element simulation that the existing isotropic-kinematic harden-

ing model introduced by Yoshida and Uemori (2002) could be improved by using the temperature-

based determined parameters for its calibration. Thus, the parameters were not only investigated

for their physical meaningfulness, but their positive inŕuence on a widely used material model.

With this, the potential for modeling in general was demonstrated.
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9.1 Adaption of Modeling

In order to discuss implementation possibilities of the results in simulation models, a classiő-

cation of the results and models is necessary. A distinction must be made between microscopic

and macroscopic results and models. Figure 9.2 gives an overview and classiőes the key results

of this study. On the one side, there are crystal plasticity models, which allow to implement

microstructural information, like dislocation behavior (Roters et al., 2010). On the other side,

there are macroscopic models, which consider the material to be macroscopically homogeneous.

These models try to reproduce the material behavior on basis of their stress-strain behavior, for

example. The overall objective of this study was to create an experimental basis to be able

to improve numerical springback prediction in future. Considering this, the simulation of real

components is signiőcant.

ε

σ

Crystal plasticity models Macroscopic models

- Conventional parameters

- Temperature-based parameters

Real component simulation

- Lattice strains

- Phase stresses

- Dislocation densities

- DEC

Figure 9.2: Representation of implementation possibilities of the listed results in models.

The temperature-based determined parameters are purely macroscopic parameters whose rela-

tionship with microstructural behavior could be demonstrated in this study. The great advantage

is that these parameters can be determined with a simple macroscopic tensile and tension-

compression test. The parameter YSTmin can be measured directly. YS0 and EYS0 can be

determined automatically by means of a suitable evaluation script. Furthermore, it was possible
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to determine a value for YSre for the single-phase material.

In most of the mentioned macroscopic models, the elastic modulus is included. Instead of the

elastic modulus determined according to the standard, the temperature-based determined elastic

modulus can be used directly. The effect of the onset of yielding regarding the simulation result

is often considered small, but the investigation in the one-element test showed that especially in

kinematic hardening models the inŕuence can be large. For the onset of yielding, conventionally

the equivalent yield strength at 0.2 % plastic strain is used. Here, the parameters YS0 and YSTmin

do not necessarily have to substitute YS0.2%, but can complement it for modeling purposes. It is

conceivable that materials with a pronounced yield strength or stagnation behavior after initial

plasticization can be modeled more precisely using all three parameters. Furthermore, their

ratio can already provide information on the behavior under load change. These ideas need to

be examined in future studies.

Besides this implementation of the temperature-based determined parameters in macroscopic

models, it is conceivable to use the microstructural results in crystal plasticity models. In Zecevic

et al. (2016), a crystal plasticity model was introduced, which reproduced the macroscopic

behavior of a DP steel under cyclic tension-compression. Assumptions and estimations based

on mathematical relations were used to calibrate the model and good results were obtained. It is

conceivable to use the dislocation density, lattice strain and phase stress data for the calibration

of such models to improve the accuracy. The őndings and results of this study provide a broad

basis for the calibration of crystal plasticity models.

One possible and interesting way to bring the results of the work together is to use interface

approaches such as those offered by DAMASK (Roters et al., 2019). DAMASK is a crystal

plasticity simulation package, which can be connected to FE simulation software via an interface.

Such multi-scale modeling approaches have to be studied in future work. In doing this, it becomes

clearer, which data are valuable and the experimental approach can be adapted and speciőed.

This results in the cycle shown in Figure 9.1.

9.2 Improvement of Microstructural Material Characterization

In this research study, an experimental setup was developed to enable time-synchronous in-situ

analyses of microstructural and macroscopic material behavior. However, it can be seen in

Figure 6.5 (b) that the limited instrumental resolution of the used DESY beamline P07B does

not allow a more detailed evaluation of the Bragg peaks. In addition, the periphery in the
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experimental hutch does not allow a more precise adjustment of the settings for the DP material,

since, for example, the xyz stage does not have enough degrees of freedom. Accordingly, the

next step is to perform experiments on a beamline with higher instrumental resolution.

For better evaluation of the overlapping reŕections for martensite and ferrite, implementation

of additional boundary conditions is needed. In particular in the TC test, it was found that the

martensite peak shifts from the left side of the ferrite peak to the right side in the 2 Θ range

during load changes, which makes the evaluation particularly difficult. Transmission electron

microscopy (TEM) and EBSD measurements would be suitable for this. Absolute values can

be detected with these optical analyses at least localized, which is not possible with the in-situ

diffraction experiments. So, the history of the material processing could be considered for the

evaluations as well. Possibly information could be derived which can be used for the evaluation

of the diffraction reŕections. The results of TEM and EBSD measurements could be compared

or correlated with the results presented in this thesis. In this way, it is conceivable that even

more information can be found from peak broadening.

Neutron sources like the Forschungs-Neutronenquelle Heinz Maier-Leibnitz (FRMII) offer fur-

ther possibilities for studying the material. At FRMII, an investigation with positrons would be

conceivable. The use of positrons enables more precise investigation of the origin and type of

dislocations, for example.

9.3 Concluding Statement

The present research work is a multidisciplinary project involving mechanical engineering, ex-

perimental physics and modeling. During the research project, it became apparent that these

individual disciplines also implied different ways of thinking. Through good communication,

close cooperation and mutual support, it was possible to unite these different ways of thinking

for the scope of this research work. This has generated results that are valuable for all three disci-

plines. Materials science is a linking point between materials modeling and forming technology

and further study of the interrelationships is desirable. The correlation of experimental macro-

scopic and microscopic material knowledge and their application in numerical models should

in the end lead to the best possible production technology, respectively to the best possible

component.
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E Appendix

E.1 SEM Settings

Table E.1 shows the settings for the SEM analyses explained in Section 6.2.4. The SEM analysis

was performed at the University of Mondragon in Spain.

Table E.1: Settings of SEM analyses.

Feature Setting

Acceleration voltage 30 kV

Working distance 7 mm

Tilting angle 70°

Area 170 µm × 120 µm

Step size 16 µm

Exposure time 4.02 ms
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E.2 Results - YS0 Sensitivity

This chapter presents supplementary information for Section 7.1.2.

Temp. gradient Fitting lines Horizontal array Vertical array

Figure E.1: DP1000 - Example plot for full factorial sensitivity analysis for the parameter YS0.

The intersection of 225 combinations of the horizontal and vertical őt are calculated

and plotted for the initial loading.
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E.3 Results - Onset of Yielding

This chapter presents supplementary information for Section 7.2.2.
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Figure E.2: HC260Y - (a) Lattice strain versus true strain for őve lattice planes in transversal

direction for the initial tensile loading. Marked are the parameters YS0 and YS𝑇𝑚𝑖𝑛.

(b) True stress versus true strain and corresponding temperature with YS0 and

YS𝑇𝑚𝑖𝑛 marked.
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This chapter presents supplementary information for Section 7.2.3.
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