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Zusammenfassung 1

Zusammenfassung

Die Entwicklung fortschrittlicher Stähle und Umformprozesse mit reduzierter Umwelt-

belastung ist ein zentrales Ziel der modernen Materialwissenschaft. Diese Dissertation

untersucht Strategien für das Schädigungskontrollierte Umformen, ein Ansatz, der darauf

abzielt, die Materialeigenschaften durch minimale Änderungen an bestehenden Prozessen

oder Werkstoffen zu verbessern. Im Fokus dieser Arbeit steht dabei die Analyse des

Einflusses von Mikrostruktur, mechanischem Kontrast und Spannungszustand auf die

Schädigungsnukleation und -entwicklung in Stählen, insbesondere in Dualphasen- (DP)

und Mehrphasenstählen wie 16MnCrS5.

Es wurden zwei automatisierte Methoden zur Quantifizierung der Schädigungshäufigkeit

mittels Rasterelektronenmikroskopie entwickelt: Eine nutzt die Lokalisierung von Ein-

schlüssen, um eine effiziente Analyse in Stählen zu ermöglichen, bei denen Einschlüsse die

Hauptursache für Schädigungen sind. Die andere Methode basiert auf der Segmentierung

geätzter Mikrostrukturen, um detaillierte Korrelationen zwischen lokaler Mikrostruktur

und Schädigungsentstehung zu erfassen. Diese Ansätze wurden am Stahl 16MnCrS5 va-

lidiert: Während die erste Methode durch größere Allgemeingültigkeit und Robustheit

gegenüber Bildgebungsbedingungen besticht, liefert die zweite eine höhere Informations-

dichte, allerdings nur für spezifische Mikrostrukturen.

Experimente zeigten, dass durch gezielte Variation von Lastpfaden und Belastungsrich-

tungen die Schädigungshäufigkeit signifikant reduziert werden kann. Beispielsweise führt

eine Reihenfolge von Druck- vor Zugbelastung zur Verfestigung von Ferrit und verringert

die Entstehung von Schädigung durch abnehmenden mechanischen Kontrast. Dessen

Rolle im 16MnCrS5 wurde durch Versuche bei unterschiedlichen Temperaturen verdeut-

licht: Unterschiedliche Verfestigungsraten der Phasen bei verschiedenen Temperaturen

bestimmen die Inkompatibilität während der plastischen Verformung und beeinflussen so

maßgeblich die Schädigungshäufigkeit innerhalb des Werkstoffs.

Untersuchungen der lokalen Phasenumgebungen in Mehrphasenmikrostrukturen zeigen,

dass die Nukleation neuer Schädigungsstellen nicht signifikant von der unmittelbaren

Umgebung abhängt, während das anschließende Wachstum dieser Stellen jedoch stark

durch die umgebenden Phasen bestimmt wird. So wachsen Schädigungsstellen in MnS-

Einschlüssen besonders stark, wenn sie vollständig von Ferrit umgeben sind, während

eine vollständige Einbettung in Perlit das Wachstum deutlich hemmt. Diese Ergebnisse

implizieren außerdem, dass Designprinzipien für schädigungstolerante Dualphasenstähle

nicht direkt auf komplexere Mehrphasensysteme übertragbar sind.
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Abstract

The development of advanced steels and forming processes with reduced environmen-

tal impact is a critical objective in modern materials science. This dissertation investi-

gates strategies for damage-controlled forming, a strategy which aims to improve material

properties with only minimal changes, by systematically analysing how microstructure,

mechanical contrast, and stress state influence damage nucleation and growth in steels,

particularly dual-phase (DP) and multi-phase alloys such as 16MnCrS5.

To this end, two complementary automated tools for quantifying damage prevalence using

scanning electron microscopy were developed: one uses inclusion-based localization to

enable high-throughput analysis in steels where inclusions drive damage formation. The

other employs segmentation of etched microstructures to provide detailed correlations

between local constituent arrangement and damage occurrence. These approaches were

validated on 16MnCrS5 steel, revealing both their strengths and limitations: one offers

greater generality and robustness to imaging conditions, while the other provides higher

information density but is applicable only to more specific microstructures.

Experimental investigations demonstrated that strategic manipulation of strain paths and

loading directions can significantly reduce damage prevalence. For example, sequencing

compressive before tensile deformation was found to promote strain hardening in ferrite

and minimise damage prevalence by reducing mechanical contrast. The role of mechan-

ical contrast was also elucidated in 16MnCrS5 through temperature-dependent testing:

non-linear relationships between constituent hardening rates at different temperatures,

rather than yield strength alone, were shown to govern incompatibility during plastic

deformation, thereby affecting overall material integrity.

A particular focus was placed on understanding how local phase environments affect

damage behaviour in multi-phase microstructures. It was shown that while nucleation of

new damage sites is not strongly dependent on local environment, subsequent growth is

highly sensitive to the surrounding phases: MnS inclusions engulfed by ferrite experience

greater void growth, whereas encapsulation within pearlite provides effective shielding.

These findings challenge the direct transferability of dual-phase design principles to more

complex alloys.
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Chapter 1

Motivation and Objectives

Modern materials science research is strongly influenced by the need to design materials

and processes that mitigate the negative impact of high energy consumption and green-

house gases on the environment. In particular, the steel industry plays a critical role in

anthropogenic climate change, as it accounts for a significant share of consumed energy

and emitted greenhouse gases [5–9]. To reduce the environmental impact, numerous in-

novative and promising solutions have been proposed, such as the use of hydrogen-based

direct reduction [10, 11], expansion of electric arc furnaces powered by renewable energy

[12], and the implementation of carbon capture and storage systems [13]. While these

approaches offer significant potential for reducing greenhouse gas emissions, they also re-

quire major shifts in industrial practice, including substantial financial investments and

extended implementation timelines. In this regard, damage-controlled forming, which has

gained more interest in recent years [14–17], offers a unique solution. This approach re-

quires only minimal modifications to the existing forming process or material composition

to enhance component performance and extend service life [18]. Additionally, more precise

information about the time-point of failure can encourage re-evaluation of safety concepts

with the goal of decreasing excess material in components. Consequently, modifications

can be implemented quickly, with relatively low financial investments, while still leading

to a decrease in material usage and emissions. The phenomenon of damage in metals is

well established and has been the focus of extensive research in the past. Fundamental

experimental work has elucidated the processes of damage nucleation, growth, and coa-

lescence [19–21] while theoretical models have been formulated to capture their impact

on a material’s mechanical behaviour [22]. Many investigations have employed Dual-

Phase (DP ) steels [23–25] and aluminium alloys [26–28] as representative model systems

for studying damage mechanisms. However, linking these insights to forming processes

and establishing design criteria that harness controlled damage to improve component

performance remains a relatively young concept. Nonetheless, significant advances have

been made in this direction from various perspectives. From a processing perspective,

minor modifications in forming processes have been shown to reduce damage prevalence

and enhance performance, for example by decreasing the triaxiality experienced by the

workpiece during forming [18, 29]. From a simulation standpoint, emerging models now

offer a more precise description of damage behaviour across different scales, thereby im-

proving predictions of damage prevalence [30–32]. In general, these advances rely on
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a comprehensive understanding of the fundamental damage mechanisms, which in turn

necessitates investigation of damage in the material on a microscopic scale. In particu-

lar, such investigations lay the ground work for the physical description of a material’s

damage response under various conditions, as well as serving as a link between forming

processes and their simulation. This connection is crucial, because while final compo-

nent performance is quantified by mechanical properties (cf. [18]), simulated damage is

generally represented by a scalar value [33, 34], making localised comparison of damage

difficult. However, the result of both damage quantifications is rooted in physical pro-

cesses which at their core involve the nucleation and growth of microscopic damage sites

as well as their interaction with each other and external influences. Consequently, link-

ing performance measurements to simulated damage and confirming damage predictions

based on a physical understanding of damage, requires microscopic observations of dam-

age sites as well as their quantification with respect to variation of external influences.

Such damage sites are typically found in the form of voids in the microstructure and can

be made visible by Scanning Electron Microscopy (SEM) for example [35]. Given the

multitude of external factors, however, initial studies focused on developing a method for

time-efficient damage quantification in DP steels, while simultaneously generating scale-

bridging insights from individual damage site behaviour to component level distributions

[36]. Despite marking significant advances toward damage-controlled forming, these stud-

ies primarily concentrated on basic strain path parameters such as applied strain and

triaxiality [37]. However, key factors that could significantly advance damage-controlled

forming in industrial practice have not yet been studied. In this study, we investigate

more complex strain path parameters, diverse microstructures, and the mechanical con-

trast among constituent phases, which are key aspects that promise to bridge the gap

between model-based and industrially viable damage-controlled forming [38–41]. In this

context, more complex strain path parameters capture for example drastic changes in

loading mode and direction, as observed for the combination of two simple strain paths

conducted consecutively. Furthermore, differences in the mechanical properties of indi-

vidual constituents and their change across temperature and strain-rate variations are

incorporated through the quantification of mechanical contrast. Conversely, the study

of different microstructures centres on the diverse geometric distributions of microstruc-

tural constituents and associated damage sites. Moreover, this study goes beyond the

extensively characterised dual-phase microstructure by incorporating a second steel that

exhibits a distinctly different microstructure. To this end, this work focuses on a fun-

damental understanding of the origins and evolution of microscopic damage sites while

strategically varying these parameters. The key insights derived from this work address

the following research questions:
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1. How can automated quantification of damage be achieved in steels exhibiting inclusion-

induced damage? (Publication 1 & Publication 4)

2. How can strain path combinations and loading direction be used to strategically con-

trol damage prevalence through manipulation of stress state? (Publication 2)

3. How does mechanical contrast affect damage prevalence, and how can processing

parameters be adjusted to exploit this effect? (Publication 3)

4. How do local phase environments affect damage prevalence in multi-phase microstruc-

tures? (Publication 4)
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Figure 1.1: Schematic workflow of the interconnectivity between research questions and in-
sights for the goal of damage controlled forming gathered in this dissertation.
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Chapter 2

Materials & Methods

In this work, steel grades with different chemical compositions were analysed. The first

material is a DP steel of DP800 grade, and the second is a case-hardening 16MnCrS5

steel. The chemical compositions of both steels are provided in Table 2.1 and Table 2.2:

Table 2.1: Chemical composition of 16MnCrS5 case-hardening steel in wt. %
reprinted from [42].

Element C Si Mn P S Cr Mo
Wt. % 0.20 0.17 1.24 0.03 0.03 1.05 0.04

Element Ni Al Co Cu Nb V Fe
Wt. % 0.14 0.03 0.01 0.16 0.01 0.01 Bal.

Table 2.2: Chemical composition of DP steel in wt. % adopted from [40].

Element C Si Mn P S Al
Wt. % 0.131 0.194 1.69 0.0088 0.0016 0.038

Element Cr Mo Nb Ti V B
Wt. % 0.718 0.0035 <0.001 0.0303 0.0027 <0.001

The investigation of the microstructure, mechanical properties and damage of these mate-

rials was conducted using various analytical techniques. To induce deformation in samples

and measure macroscopic mechanical properties, bending tests and tensile tests were em-

ployed. For analyses of micromechanical properties, microstructure, and damage sites,

all samples were first metallographically prepared to ensure a plane and scratch-free sur-

face. In cases where it was necessary, the microstructural constituents of the steels were

revealed using nital. Afterwards, SEM micrographs, acquired using a Secondary Elec-

tron (SE) detector, were used to gather information about the microstructure and the

damage distribution. For statistical evaluation regarding number and size of damage sites,

SE micrographs typically covered large areas (approx. 1 mm2) and were analysed using

machine-learning-assisted tools. SEM -based methods also included Energy-Dispersive

X-ray Spectroscopy (EDS) scans to determine local chemical composition as well as

Electron Backscatter Diffraction (EBSD) analyses to assess local crystallographic ori-

entation. Micromechanical testing of individual constituent phases was conducted using

nanoindentation, spherical nanoindentation, rapid nanoindentation mappings, as well as
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micropillar compression experiments. The gained insights into microstructural character-

istics, micromechanical properties, and strain paths were combined with measured damage

distributions to infer their effects on damage prevalence.
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Chapter 3

Fundamentals

3.1 Damage in metal forming

3.1.1 Definition of damage

Damage in the context of metal forming is not clearly defined, and its description is known

to vary across different perspectives and research focuses [43–46]. Even when focusing on

experimental studies, the definition of damage changes based on the type of experiment

used for quantification [47], as shown in Figure 3.1.

Figure 3.1: Varying definitions of the damage parameter in dependence on the experiment
conducted for quantification. Adapted from [47] with permission from Elsevier.

From the perspective of this thesis, the relevant aspects of damage encompass its nega-

tive impact on mechanical properties, as well as its appearance, mainly characterised by

microstructural voids. In accordance with these principles we adhere to a definition of

damage given by Hirt et al. [48].

"Ductile damage causes the degradation of physical properties, in particular of

mechanical properties, due to microstructural defects. These defects are characterised

by the formation of new surfaces. In structural materials voids and micro cracks initiate
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mostly by decohesion at interfaces such as grain boundaries and inclusions or due to

brittle fracture of hard phases. The evolution of voids and micro cracks then causes

damage under thermo-mechanical loading." [48]

Based on this definition, in this work, "damage prevalence" refers specifically to the quan-

tification of both the number and size of microstructural damage sites. However, both the

absolute number and total area covered by damage directly depend on the observed area.

This dependence makes comparisons with other measurements obtained from areas of dif-

ferent sizes difficult. To counteract this effect, both parameters are typically normalised

by the observed area. This leads to two key metrics used in this work: Number of Voids

per unit area (NoV ) and Void Area Fraction (V AF ), which is the ratio between total

void area and observed sample area. In some cases different normalization approaches are

chosen where appropriate. For example inclusions-induced damage can be normalised to

the total inclusion area. However, in all cases presented here both NoV and V AF are

provided.

3.1.2 Types of damage and damage initiation mechanisms

As stated in the definition of damage given in subsection 3.1.1, damage sites are typically

caused by microstructural heterogeneities. Since numerous types of defects can cause

such heterogeneities in metallic microstructures, there exist various damage initiation

mechanisms encompassing specific causes for the nucleation of a damage site. As an

initial classification, we propose dividing damage mechanisms by the number of phases

involved in the microstructure as illustrated in Figure 3.2.

Firstly, in single phase materials, the possible origins of damage sites are mainly limited

to nucleation at grain boundaries as observed for example in polycrystalline copper [49]

(cf. red box Figure 3.2). In dual-phase materials, however, additional mechanisms exist

by which damage sites can form. In particular, interfaces between the two phases present

a weak-point susceptible to the formation of voids [50] visualised in the green box of Fig-

ure 3.2. Furthermore, phases with different mechanical properties are often combined at

the microstructural level to achieve favourable macroscopic behaviour. This frequently

implies that one phase is more brittle than another and thus enables void formation fol-

lowing its fracture [51, 52]. Naturally, damage initiation at grain boundaries remains

an active damage mechanism for dual-phase microstructures and may even be enhanced

under certain conditions, as seen in some aluminium alloys [53]. Lastly, multiphase ma-

terials containing more than two constituent phases exhibit several types of interfaces.

Depending on each phase’s brittleness, fracture may not be restricted solely to the most

brittle phase, as shown by the blue box in Figure 3.2. This results in an increased variety

of possible initiation mechanisms [54].
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Figure 3.2: Classification of damage initiation mechanisms based on the number of microstruc-
tural constituents.

DP steels, as the name suggests, are a prominent example of the dual-phase material

category and harbour a microstructure composed of a ferritic matrix and martensite,

which is comparatively stronger but more brittle [40, 55]. Depending on processing, the

martensitic phase can assume various morphologies affecting mechanical properties and

damage prevalence [56–58]. The damage mechanisms in DP steel are well explored and

encompass the nucleation of voids at ferrite–ferrite grain boundaries, ferrite–martensite

interfaces, and due to fracture of the martensitic phase [23, 41]. SEM micrographs

illustrating these mechanisms are shown in Figure 3.3.

Although these mechanisms are seemingly unambiguously defined in literature, the typ-

ical morphology of damage sites observed in DP steel using SEM can be less clear,

owing to their three-dimensional nature. Serial sectioning experiments have shown that

the underlying cause of void nucleation may be obscured in SEM images due to their

two-dimensional nature. Consequently, a single damage site can appear to result from

different initiation mechanisms when observed on different two-dimensional sections of

the microstructure [59].

16MnCrS5 steels do not belong to the class of dual-phase microstructures but rather

fall under multiphase materials. In this case, a dual-phase microstructure composed of
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Figure 3.3: SEM micrographs of damage mechanisms in DP steels. M and F correspond to
martensite and ferrite accordingly, while dotted lines indicate grain boundaries. a) Fracture of
martensite b) and c) decohesion at the M-F interface d) decohesion at ferrite grain boundary.
Adapted from [41]. The original article was distributed under the terms of the Creative Commons
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).

ferrite and pearlite is complemented by Manganese Sulphide (MnS) inclusions. These

inclusions are primarily responsible for damage nucleation [35, 60], similar to martensite in

DP steels. MnS inclusions contribute to the damage prevalence either through fracture

or by promoting void formation at their interfaces. In contrast to DP steel, however,

assigning specific damage mechanisms is less ambiguous due to distinct morphological

differences between damage sites occurring within or near MnS inclusions. In 16MnCrS5,

however, damage is not limited solely to MnS, but damage sites within the steel matrix

itself have also been observed [54], although with significantly lower prevalence compared

to MnS-induced damages. The three-dimensional analysis conducted in [54] highlights

the importance of inclusion-induced damage within 16MnCrS5 steels. However, so far

it remained unclear how local environmental factors or surrounding phase distributions

influence stress states within MnS inclusions and thus affect damage nucleation and

evolution. In addition to mechanisms of initiation, the evolution of individual damage

sites as a function of strain also typically serves as a criterion for classification. In general,

a void progresses through three stages during deformation leading up to material failure

as visualised in Figure 3.4 [61, 62].

Initially, in an ideal pristine material, there are no damage sites present. However, plastic

deformation combined with mechanical heterogeneities leads to the formation of damage

sites as the initial stage of their development. This process is often referred to as nucle-

ation. At this point, the previously discussed initiation mechanisms can be most clearly

identified. With increasing strain, damage sites can grow until their growth becomes

http://creativecommons.org/licenses/by/4.0/
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Figure 3.4: Stages of life of damage sites nucleated in metals deformed at positive triaxiality.
Redrawn based on [61] with permission from Elsevier.

unstable due to coalescence with neighbouring damage sites. This ultimately leads to

macroscopic crack formation and failure of the material [63–65].

3.1.3 Interactions of damage with: strain state, microstructure,

mechanical contrast

Previous research on damage-controlled forming has identified key factors that influence

damage prevalence during plastic deformation. Although these findings can be grouped

from various perspectives, in this work they are organised according to the primary in-

sights derived in this thesis: strain state, microstructure characteristics, and mechanical

contrast.

3.1.3.1 Stress state

The stress state that a material experiences during forming is widely recognised in the

literature as the primary influence on damage prevalence [66–68]. It forms the basis for

many numerical models describing damage evolution and its effect has also been experi-

mentally confirmed, including in studies of 16MnCrS5 [35] and DP steels [37]. The stress

state itself can be described by a stress tensor, which consists of all stresses acting on a

material during forming. In general, a distinction is made between normal stress compo-

nents (σ) and shear stress components (τ), which together constitute the tensor shown

below [69]:
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σ =
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
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
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Here, the components satisfy the symmetry conditions:

τxy = τyx, τxz = τzx, τyz = τzy

These components depend on how the coordinate system is defined. The stress tensor can

be transformed into its principal axis form so that it contains only normal stresses [69],

as shown below:

σ =











σ1 0 0

0 σ2 0
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In this form, these normal stresses are referred to as principal stresses. The strains and

shears induced as a result by these applied stresses can similarly be represented using a

strain tensor [69]:

ε =


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
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

=


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ε1 0 0

0 ε2 0

0 0 ε3











(for principal stresses)

Here εxx, εyy and εzz represent normal strain components and εxy, εxz and εyz correspond

to shear components. The applied strain acts as a direct driving force for damage nucle-

ation, as has been observed experimentally in DP steel [37]. Typically, the number of

damage sites increases exponentially with increasing stain, as visualised in Figure 3.5 a)

for DP steel.

However, forming operations typically aim to achieve a specified geometry, which neces-

sitates reaching a certain final strain. For this reason, adjusting the final strain is not

considered an adjustable parameter for damage-controlled forming in this work. The

manner in which that strain is achieved, on the other hand, depends on the configuration

of the stress tensor during forming and can serve as a tool to control damage prevalence.

Since the relationship between individual components of the stress tensor and damage

prevalence is not always intuitive, it is common in continuum mechanics to use additional

parameters to characterise complex stress states. These parameters can be especially valu-

able when analysing or predicting damage behaviour. The parameters most commonly

encountered are the triaxiality (η ) and the Lode parameter (L) [65] which are defined as

follows [70]:
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Figure 3.5: Influences of Strain, triaxiality and Lode parameter on damage prevalence. a)
shows the exponential relationship between plastic equivalent strain and the number of damage
sites in DP steel adapted from [37]. b) Shows the increase of median void area with increasing
triaxiality. a) and b) adapted from [37] with permission from Elsevier. c) Shows the change
of morphology of a damage site in 16MnCrS5 after plastic deformation with a Lode parameter
of L = 0 and L = -1, as well as component’s damage prevalence formed under corresponding
stress states given by mass density measurements. c) Adapted from [70] with permission from
Elsevier.

η = σ1+σ2+σ3

3σeq
= σh

σeq

L = 2σ2−σ1−σ3

σ1−σ3

, with σ1 ≥ σ2 ≥ σ3

Here, σh is the hydrostatic stress, σeq is the von Mises equivalent stress and σ1, σ2 and

σ3 correspond to σxx, σyy and σzz from the above stress tensor, respectively. While

their mathematical derivation may initially seem non-intuitive, their relationships with

damage size and shape can be understood more readily. Triaxiality measures the ratio

of volume-changing stresses to shape-changing stresses. A positive triaxiality indicates

that stresses within a material, specifically at damage sites, act in an expansive manner,

leading to increased void volume during deformation. This is visualised for DP steels

in Figure 3.5 b). For negative triaxialities, a compressive stress state prevails, and the

volume of damage sites is expected to decrease. At triaxialities below a certain cut-off

value, void-driven ductile fracture is not expected at all [71]. Therefore, strategies aimed

at decreasing overall triaxiality have proven as effective in reducing damage prevalence

as they are intuitive. For both DP steel and 16MnCrS5 steel, specific modifications in

forming processes have been demonstrated that reduce triaxiality at critical locations
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during typical operations. For 16MnCrS5 steel, decreasing the shoulder opening angle

during extrusion led to lower triaxialities, which was accompanied by decreased damage

prevalence and improved performance [18, 35]. In DP steel, applying counter-pressure

during bending achieved similar results and significantly reduced damage prevalence [29].

The second key parameter, the Lode parameter, describes variations in deviatoric stress

states ranging from uniaxial tension through simple shear to uniaxial compression. It

primarily influences void morphology rather than size [72]. However, even under constant

positive triaxiality, variations in this parameter can still affect both damage prevalence

and mechanical properties such as fracture strain [70]. In Figure 3.5 c), simulated changes

in void morphology are shown for two extrusion processes differing only by their Lode pa-

rameters. The figure also demonstrates how these morphological changes influence overall

damage prevalence, as determined via mass density measurements: a Lode parameter of

L = -1 results in decreased observed damage prevalence. Note that here, a reduction in

mass density signals an increase in total damage site volume.

3.1.3.2 Microstructure

The microstructure of a material refers to the arrangement of its constituents on a scale

below the resolution of the human eye. Gottstein [69] defined the microstructure as:

"The arrangement of the constituents of a material, i.e. the spatial distribution of

elements, phases, orientations, and defects are subsumed under the term

microstructure."[69]

This is a broad definition, encompassing geometric distributions across different length

scales, from larger phases on the order of millimeters down to atomic-scale defects such as

vacancies. In this work, however, a more focused definition is adopted in order to better

highlight which microstructural parameters can be adjusted to control damage preva-

lence. To this end, in this work microstructure is defined as the spatial distribution of

constituents (including both individual phases and composite structures such as pearlite)

and their grains within the material. A clear distinction is made between the geometric

aspects of constituents, which are contained in this definition, and the mechanical prop-

erties of these constituents, which are not accounted for in this definition. Regardless of

its precise definition, controlling microstructure to tailor mechanical properties remains

fundamental in materials design, irrespective of underlying material system or processing

route [73–75]. Even though, the influence of microstructure on damage evolution has

received comparatively less attention in research, several key concepts to reduce damage

prevalence have emerged. These concepts typically focus on dual-phase systems to iden-

tify optimal grain/phase size, morphology, and overall phase fraction. It has been shown,
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for example, that in DP steel, smaller phases and grains, evenly distributed throughout

an otherwise unconnected matrix, lead to reduced martensite fracture and less decohesion

at interfaces [25, 56, 76, 77]. It was also shown that when combining two different phases

of steels in a more ordered way than it is possible in monolithic DP steel, for example

by roll bonding, a periodic arrangement of bands can even be beneficial for mechanical

properties, when loading parallel to these bands [78]. The key insights gained from these

studies demonstrated that damage and, by extension, mechanical properties affected by

damage, are strongly influenced by how stress and strain distribute within the microstruc-

ture, which in turn is determined by the geometric arrangement of constituents. Designing

a microstructure in which the comparatively more brittle constituents are finely and uni-

formly dispersed, and preferably have a spherical shape, tends to reduce overall damage.

This is because such arrangements promote a more homogeneous distribution of stress

and strain.

The effects of varying microstructural configuration on damage prevalence are illustrated

in Figure 3.6. Here, DP steel with smaller microstructural constituents (Figure 3.6 a))

exhibited a slower evolution of damage as a function of strain compared to DP steel with

larger constituents (Figure 3.6 b)).

Figure 3.6: DP steel microstructures with microstructural constituents of different sizes. In
a) martensite and ferrite phases are comparatively larger while in b) phases are comparatively
smaller. c) shows the evolution of void area fraction as a function of the equivalent strain for both
microstructures. Here DP600-A corresponds to a) and DP600-B corresponds to b). Adapted
from [25] with permission from Elsevier.

These findings provide clear guidance for identifying and designing promising microstruc-

tures aimed at enabling effective damage-controlled forming in DP steels. However,

whether this strategy will yield similar benefits when applied to multiphase materials

remains questionable. For example, if constituents responsible for initiating damage have



18 Fundamentals

higher melting points or other processing constraints, achieving an even distribution may

be difficult, or even undesirable. In such cases, finely distributed particles could actually

undermine efforts toward achieving damage-tolerant forming behaviour.

3.1.3.3 Mechanical contrast

Even though constituent properties were excluded from the definition of microstructure in

the previous section, it is clear that the physical processes leading to damage nucleation

and growth depend on the mechanical properties of all participating phases. As such,

damage prevalence and its evolution with increasing strain are also influenced by these

properties [79].

While absolute constituent properties are crucial for determining global mechanical per-

formance and have been thoroughly studied in various DP steels [80, 81] in the context of

failure and damage it is often their disparity that becomes most important. The difference

in how each constituent participates in plastic deformation, along with resulting stress

and strain distributions, has been widely discussed in literature as a key factor influenc-

ing damage initiation [82–84]. To describe this disparity between constituent mechanical

properties, we use the term mechanical contrast in this work. The prevailing consensus is

that reduced mechanical contrast generally benefits formability, a trend demonstrated for

DP steels (see Figure 3.7) [79]. Understanding and optimising mechanical contrast can

thus inform heat treatment protocols or compositional adjustments aimed at improving

formability.

One simple way to quantify mechanical contrast among microstructural constituents is to

calculate either their hardness difference (cf. Figure 3.7) or hardness ratio [85]. However,

this simple approach does not always accurately predict damage prevalence [86]. For

instance, increasing ferrite hardness versus decreasing martensite hardness can involve

fundamentally different mechanisms potentially leaving critical configurations for damage

initiation unchanged when only ferrite hardening occurs, whereas tempering martensite

can more effectively suppress such sites. Furthermore, this ratio does not account for

changes in phase hardness as a function of strain, a factor which has also been shown

to significantly influence damage evolution. In this context, previous research indicates

that DP steels containing ferrite with higher strain hardening capacity, which brings its

behaviour closer to that of martensite, exhibit reduced damage prevalence compared to

other DP steel variants [87]. Extending these concepts to multiphase materials remains

relatively unexplored, likely due to increased complexity arising from additional phases

(which complicates stress/strain distribution analysis) and because damaging phases like

those found in DP steels may be less prevalent. Although some studies have characterised

individual constituent phases such as MnS [88–90], data is less consistent. This is espe-
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Figure 3.7: a) Dual-Phase steel microstructures with microstructural constituents of similar
sizes without tempering (i), tempered at 300 ◦C (ii) and 500 ◦C. b) microhardness and me-
chanical contrast between ferrite and martensite as a function of tempering temperature. The
resulting microstructures from a) are highlighted. c) Damage prevalence given by number den-
sity in martensite phase as a function of local strain for the microstructures shown in a). Adapted
from [79] with permission from Sage Journals.
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cially relevant under more complex conditions such as for example increased temperature

or strain-rates. Nevertheless, the principal strategy, to design microstructures promoting

homogeneous stress/strain fields, is still expected to benefit multiphase materials.

3.2 Key techniques for damage analysis

3.2.1 SEM based analysis techniques

3.2.1.1 Large scale, high-resolution SEM imaging

It is clear that damage nucleation is strongly dependent on the local microstructure, which

can vary significantly across samples, making nucleation inherently a statistical process.

To ensure results are statistically meaningful and comparable, it is necessary to analyse

sufficiently large areas. Defining what constitutes a sufficiently large area can be challeng-

ing and depends on the material. However, for microstructural segmentation of DP steel,

it has been shown that even square images with side lengths exceeding 300 µm exhibit

significant scatter when determining phase fractions [91]. This suggests that areas on the

order of square millimetres are required for robust statistical damage analysis. In contrast,

individual damage sites occupy much smaller regions, typically only a few hundred square

nanometres, necessitating high-resolution imaging for accurate detection and quantifica-

tion. Generally, capturing large areas at high resolution is time-consuming, especially

given the vast number of damage sites present within each image. While automated ac-

quisition simplifies image collection, the sheer volume makes manual identification and

evaluation impractical within reasonable time frames. To counteract this, previous work

[36, 92] has developed a method for automated detection and evaluation of damage sites.

The developed method enables the workflow illustrated in Figure 3.8:

In this method thresholding and clustering techniques are employed to identify poten-

tial damage sites within the microstructure before classifying their initiation mechanisms

using artificial intelligence. Because the networks used for classification of damage ini-

tiation mechanisms require training to be accurate, the application of this algorithm is

limited to the specific DP steel originally studied. However, as the same DP steel was

investigated in this work, the workflow could be directly applied throughout relevant por-

tions of this study. Despite accelerating overall analysis [36], image acquisition itself,

even when automated, remains time-consuming in particular for large areas due to high

required resolution. Current research aims to further decrease imaging time, for example

by employing additional machine learning networks to enhance image resolution. After

acquiring images at lower resolution and performing resolution enhancement, features are

detected and only the areas of interest are rescanned at high resolution [93].
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Figure 3.8: Workflow of damage analysis in DP steel featuring automated damage analysis.
Sample deformation is followed by panoramic imaging and subsequent void detection by thresh-
olding. Detected voids are then classified by two networks into inclusion-induced, or into one of
several ductile damage initiation mechanisms. All detected voids independent from their clas-
sification result are also quantified by measuring their area. Reprinted from [36]. The original
article was distributed under the terms of the Creative Commons Attribution License.
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3.2.1.2 Electron backscattered diffraction

To characterise microstructural constituents in terms of composition, size, and morphol-

ogy, additional SEM -based analysis methods are commonly used. These techniques play

important roles in quantifying the effects of microstructure on damage and can also assist

micromechanical analyses. In particular EBSD, which enables mapping of the crystal-

lographic orientation of grains, plays a significant role in this work. When the primary

electron beam interacts with a sample, incident electrons are scattered by atoms within the

material. Depending on their scattering direction, these so-called backscattered electrons

may then be diffracted by lattice planes within the crystal structure. If the Bragg con-

dition is satisfied, constructive interference produces an amplified beam forming a cone-

shaped pattern. The EBSD detector records this signal as projected patterns, known

as "Kikuchi lines", which correspond to specific sets of lattice planes within the crystal.

Because Kikuchi lines reflect the geometric arrangement of lattice planes, the crystallo-

graphic orientation at each point can be determined by analysing these patterns. [94]

During EBSD analysis, the electron beam is scanned across the sample surface, mapping

out crystallographic orientations at each scanned location. These maps enable determi-

nation of grain size and shape, serving for example as an essential preliminary tool for

selecting appropriately oriented grains intended for subsequent micropillar compression

experiments.

3.2.2 Measurement of constituents’ mechanical properties

Analysing how microstructural constituents influence damage prevalence requires methods

capable of measuring their individual mechanical properties, particularly for determining

mechanical contrast. Micro- and nanomechanical testing methods such as micropillar

compression and nanoindentation are widely used to obtain this information, as they can

overcome macroscopic brittleness and the size restrictions posed by grain size and phase

boundaries [95–98]. These methods enable measurement of individual grains or phases

by using instrumented compression or hardness tests with tips on the micrometer scale.

The resulting force-displacement curves are then analysed to extract relevant mechanical

properties.

3.2.2.1 Nanoindentation

In a standard nanoindentation experiment, a three-sided self-similar pyramidal indenter

known as a Berkovich tip, with a face half-angle of θ ≈ 65.3◦, is used to penetrate the

specimen surface [95]. A sketch of this procedure is given in Figure 3.9 a).

For nanoindentation, a well-defined tip geometry is of particular importance, because the
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Figure 3.9: Sketch of typical nanoindentation procedure and related geometrical properties
and effects in a). Sketch of a typical load over depth curve of a plastic material obtained via
nanoindentation, with highlighted CSM oscillation and determination of unloading Stiffness S
in b).

method relies on calculating the projected area A of the imprint at any depth h during

the test by the means of a so called Diamond Area Function (DAF ). For example, the

DAF relating A and hc for a Berkovich tip (cf. Figure 3.9 a)), which approximates a cone

with the same depth to projected area ratio, is given by [95]:

A = 3
√

3h2
ctan2(θ)

Here, hc denotes the contact depth, which accounts for material effects like sink-in and

pile-up. These effects can shift the reference point used to calculate the indentation

depth away from the original sample surface. This is illustrated in Figure 3.9 a). The

area determined by this method is then used to calculate mechanical properties such as

hardness (H) and elastic modulus (E). The equation used to calculate the hardness then

looks as follows:

H = P
A

The elastic modulus is determined from the unloading curve of a nanoindentation test as

visualised in Figure 3.9 b). For this purpose, the unloading stiffness S, which is the initial

shape of the unloading curve, is used in the following way [99]:

E =
√

π

2

S√
A

During most load-controlled nanoindentation experiments, however, a controlled oscilla-

tion with relatively small amplitude is superimposed on a constant loading rate (cf. Fig-

ure 3.9 b)). This oscillation enables Continuous Stiffness Measurement (CSM), as each

oscillation produces an unloading segment that provides values of hardness and elastic
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modulus continuously throughout the indentation process. This approach achieves sig-

nificant improvement over earlier methods where only hardness at maximum load/depth

and elastic modulus from final unloading were evaluated [100]. In addition to hardness

and elastic modulus, nanoindentation is capable of supplying more information on mate-

rial behaviour when different indentation procedures are conducted. For example, it has

been shown that strain-rate sensitivity can be measured via nanoindentation, enabling

calculation of dislocation activation volume [101]. Additionally, complete stress-strain

curves can be obtained by using spherical indentation tips and special calibration proce-

dures [102]. Furthermore, recent advances in both instrumentation and testing protocols

allowed reducing time between individual indents and employing shallower indentation

depths, thus increasing both data collection rate and spatial resolution [103, 104]. Using

these time savings, rapid nanoindentation mappings can be employed to profile the me-

chanical properties of complete microstructural areas. Usually, however, these mappings

require additional preparation. In particular, to minimise indentation depth, the effect of

the depth-dependent size effect must be determined beforehand, for example by regular

nanoindentation. At shallower depths, steeper strain gradients necessitate formation of

more geometrically necessary dislocations compared to deeper indentations, resulting in

an apparent increase in measured hardness at low depths [105, 106]. The extent to which

this effect is observed, depends on factors such as material type, processing history (e.g.,

forming/heat treatment), and even instrument calibration. Determining the minimum

depth necessary to acquire a hardness value that is not effected by indentation depth,

defines how far indents need to be spaced and how fast the test can be conducted. Af-

ter mapping mechanical properties via rapid indent arrays, microstructural imaging can

then reveal constituent locations and correlating position with measured property enables

statistically robust analysis across multiphase microstructures.

3.2.2.2 Micropillar compression

Nanoindentation offers many benefits due to its high time efficiency and the broad ap-

plicability of the measured mechanical properties. However, there are certain material

properties that cannot be determined using classical nanoindentation or rapid mapping

techniques alone. This includes, for example, identifying a material’s preferred slip system

during deformation and its associated critical resolved shear stress. Although it is possi-

ble to observe individual slip events as surface steps around indents after nanoindentation

and to correlate these with activated slip planes [107, 108], determining and interpreting

the corresponding stresses remains challenging [109]. Insights on critical shear stresses

on the same length scale as nanoindentation are more readily obtained using micropillar

compression [97, 107]. The instrumentation for micropillar compression is similar in setup
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to that used in nanoindentation but features several key differences. Instead of a sharp

indenter tip, a flat punch is used. This allows compression of pillars with diameters up

to several micrometers. Because accurate positioning is crucial, micropillar compression

experiments are typically performed inside an electron microscope. This setup allows

for direct visualisation of both the pillar and the flat punch tip, enabling precise align-

ment before and during compression. Because the flat punch has a flat surface and is

not designed to penetrate the material, neither diamond area function calibration nor

CSM protocols are required. An advantage, since CSM is known to influence measured

mechanical properties [110]. Once tip and pillar are aligned, the pillar is deformed in

approximately uniaxial compression and typically aborted before the pillars fails. The

resulting load-depth data can be converted into stress-strain curves using known pillar

dimensions. This enables analysis of hardening behaviour as well as extraction of yield

points at plastic onset. Both features are known to be affected by size-effect [111], in

particular the hardening behaviour is shown to vary strongly with pillar diameter [112]

however without a clear material-overarching trend [113]. Nonetheless, identifying the

onset point for plastic deformation remains especially valuable, because when combined

with knowledge about crystallographic orientation via EBSD (i.e., Schmid factor calcula-

tion), this enables determination of critical resolved shear stress for specific slip systems.

For this process, a pillar is usually analysed once more after deformation, to correlate

slip steps on its surface with its crystallographic orientation and the spatial orientation of

possible slip planes and directions [107]. The general workflow of identifying the critical

resolved shear stress from a micropillar compression experiment is shown in Figure 3.10.

Strength measurements at these scales not only facilitate calculation of constituent-level

mechanical contrast [40], but also provide essential input parameters for multi-scale sim-

ulations, including those focused on damage evolution [115–117].
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Figure 3.10: Workflow of determining the critical resolved shear stress of a slip system from
a micropillar compression experiment. After the pristine micropillar shown in a) is compressed,
the observed slip step is analysed to identify slip plane and slip direction as given in b). The
correlated mechanical data shown in c) can be analysed to identify the point initial plastic
deformation. Combining the identified slip system and the stress at onset of plastic deformation
allows to identify the critical resolved shear stress for the observed slip system d). Crystal
structure created with VESTA [114].
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Chapter 4

Key insights and outlook

The following sections provide an overview of the main insights gained from this disser-

tation and explore potential further investigations.

4.1 Key insights

In this chapter the research questions addressed in Chapter 1 will be answered.

How can automated quantification of damage be achieved in steels exhibiting

inclusion-induced damage?

Steels in which damage is primarily inclusion-induced differ significantly from those where

damage arises mainly from inherent microstructural features, especially with respect to the

geometric arrangement of their constituents. This distinction presents unique challenges

for automated analysis. In particular, for the method introduced in subsubsection 3.2.1.1,

this means it cannot be directly applied to datasets of microstructures different from the

training data, without retraining. A key achievement of this dissertation is the devel-

opment and successful demonstration of a novel two-step workflow for high-throughput

automated quantification of inclusion-induced damage Publication 1. Because damage

sites are localised within inclusions, it is sufficient first to identify these inclusions within

the matrix (as demonstrated in Publication 1 and visualised in Figure 4.1 a)).

Inclusions are larger than typical damage sites and exhibit consistent appearance with

clear contrast to the surrounding matrix throughout the material, enabling efficient iden-

tification with minimal pre-analysis effort. In a second step, once inclusions are located,

any associated damage sites can then be identified within them. This strategy offers

several substantial advantages. Firstly, by enabling normalisation of measured damage

parameters by inclusion count, it enhances comparability between samples, a crucial step

towards establishing robust benchmarks across different materials or processing condi-

tions. Secondly, because only easily distinguishable inclusions need to be considered,

complex underlying microstructures do not complicate analysis. Notably, this removes

the need for etching which can lead to artefacts in the microstructure and drastically

alter the appearance depending on etching time and concentration of the etching agent.

The methodology also exhibits versatility across different materials: as long as inclusion
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Figure 4.1: Workflow of quantifying damage prevalence by location of MnS and damage in
unetched matrix in a) and segmentation of the etched microstructure in b). Reprinted from
Publication 1 and Publication 4 respectively with the permission of Elsevier. [1]
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morphology remains unchanged, it can be seamlessly applied across various heat-treated

states or related alloys without further time-intensive training.

However, because the classification of the damage mechanisms is strongly dependent on

the microstructure as seen for example in DP800 steels, these concepts remain applicable

only to steels where the main damage mode is inclusion-induced. Additionally, while ig-

noring complex microstructural features simplifies damage analysis, it also provides less

information compared to methods where the full microstructure is captured. In particular,

local stress and strain distributions play a crucial role in damage nucleation and growth.

These are influenced by all microstructural constituents, including those not visible using

the approach described in Publication 1. To address these limitations we introduced a

second novel method based on machine learning-driven image segmentation (Publication

4, see Figure 4.1 b). This method differs primarily by employing a machine learning net-

work to segment an etched microstructure into its individual constituents, rather than

simply locating inclusions within an unetched matrix as illustrated in Figure 4.1 b). The

identified constituents include ferrite, pearlite, MnS inclusions, and damage sites. Since

all constituent locations are known, the position and size of each damage site can be

directly correlated with its neighbouring constituents. Although this method is less suit-

able for high-throughput determination of damage prevalence, because its applicability

remains restricted to the specific 16MnCrS5 steel used to train the segmentation network,

and results may be strongly influenced by SEM imaging conditions or metallographic

preparation protocols, this approach represents a significant leap forward in fundamental

research capability for damage prevalence in multi-phase materials.



30 Key insights and outlook

How can strain path combinations and loading direction be used to strategically control

damage prevalence through manipulation of stress state?

A major contribution of this dissertation is the demonstration that strain path combi-

nations and loading direction changes can be strategically exploited to control damage

prevalence by moving beyond global stress state parameters. Using the automated quan-

tification workflow described above, damage prevalence in 16MnCrS5 samples was mea-

sured during an in-situ tensile test where the loading axis was aligned parallel to the

longest dimension of MnS inclusions (Publication 1). The results show that under

these conditions, fracture is the primary mode of damage initiation. Based on inspection

of the resulting damage sites, we postulated that this mode would shift to delamination

if the loading direction were rotated by 90◦. This finding makes it clear that damage

mechanisms depend on strain path, not solely on global stress state parameters like tri-

axiality or Lode parameter, but also due to inherent microstructural anisotropy. This

insight provides a powerful tool for process engineers: by aligning loading directions with

favourable microstructural orientations, it becomes possible to actively minimise damage

formation during industrial forming operations. Notably, results from Publication 2

demonstrate that this concept even extends to DP steel, which exhibits less pronounced

anisotropy, when combining different strain paths, highlighting its applicability across

different material classes. Specifically, when two forming steps with positive triaxiality

are combined (such as bending followed by tension), reduced damage prevalence occurs

if there is a 90◦ change in loading direction between steps. This effect was observed both

for combinations of bending and tensile deformation in this work, as well as for two con-

secutive tensile tests reported in [118]. Combining bending and tensile tests also offers

the benefit of enabling observation of regions where local triaxiality transitions between

positive and negative values. The results highlighted two key observations: First, when

damage sites are initiated during an initial forming step with positive triaxiality, they

undergo shape change and volume reduction if a subsequent step with negative triaxiality

is applied. Second, if the first forming step employs negative triaxiality, no damage sites

are initiated, as expected. However, the damage prevalence after a subsequent positive

triaxiality step is lower compared to material that did not experience prior forming with

negative triaxiality, as illustrated in Figure 4.2. These findings establish clear design rules

for forming processes: sequencing compressive before tensile deformation steps or rotating

loading directions between steps can significantly reduce final damage levels.

The benefit of reduced damage prevalence can be attributed to strain hardening within

ferrite, which reduces mechanical contrast between ferrite and martensite. Consequently,

for DP800 steels, forming operations should maximise compressive stress states before

applying processes involving high positive triaxialities.
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Figure 4.2: Reduction of damage prevalence in part of a bending and tensile test sample that
experienced previous compressive stresses during forming. Reprinted from Publication 2 with
the permission of Elsevier. [2]

How does mechanical contrast affect damage prevalence, and how can processing

parameters be adjusted to exploit this effect?

The magnitude of mechanical contrast is a key factor influencing damage prevalence in

16MnCrS5 and we demonstrated in Publication 3, that it can be directly influenced

by controlling the temperature. Tensile tests performed at temperatures ranging from

ambient up to 600 ◦C revealed that damage prevalence does not vary linearly with tem-

perature. This is due to the non-linear behaviour of mechanical contrast between MnS

and the steel matrix as a function of temperature. Counter-intuitively, it was shown that

damage prevalence can actually increase with temperature, for example, when going from

400 ◦C to 600 ◦C. Even though the yield strength of MnS becomes closer to that of the

steel matrix when increasing the temperature from 400 ◦C to 600 ◦C, its hardening rate

is actually higher at 600 ◦C. This results in increased damage prevalence and increased

incompatibility of plastic deformation between MnS and the matrix during deformation,

as determined by the difference in their strengths at a plastic strain of 5 %. Both trends

are illustrated in Figure 4.3.

These results have immediate practical implications: forming processes should avoid tem-

peratures such as 600 ◦C where increased mechanical contrast leads to higher damage

prevalence. Instead, lower temperatures such as 400 ◦C, where reduced damage was ob-

served, are preferable. Additionally, analysis revealed that certain orientations of MnS

exhibit a yield strength anomaly, showing higher strength at 400 ◦C than at 200 ◦C. How-

ever, after considering all relevant factors (such as temperature, loading rate, stress state,

polycrystallinity, and impurity concentrations), it was concluded that this anomaly arises

only under very specific conditions and thus cannot be broadly incorporated into gen-

eral models or estimations of mechanical contrast. Although this yield strength anomaly
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Figure 4.3: Trend of mechanical contrast and damage prevalence in terms of void area fraction
for MnS and the steel matrix in 16MnCrS5 steel. Adapted from Publication 3 [3]. The original
article was distributed under the terms of the Creative Commons CC-BY license.

may not affect general modelling, its existence demonstrates an additional possibility for

targeted tuning of constituent properties, and therefore mechanical contrast. Finally, it

should be noted that control of ferrite strength through strain hardening, achieved by tai-

loring strain paths as discussed in the previous section, constitutes an additional means of

adjusting the mechanical contrast. This serves as yet another tool for designing mechan-

ical contrast and further underlines the interconnectivity between the various strategies

for achieving damage-controlled forming presented in this dissertation.

How do local phase environments affect damage prevalence in multi-phase

microstructures?

A final opportunity presented in this thesis to control damage prevalence, with the goal of

damage-controlled forming, lies in deliberate tailoring of microstructure. As described in

subsubsection 3.1.3.2, certain microstructural designs, such as fine dispersion and uniform

distribution of phases, have been shown to reduce damage prevalence in DP steels. How-

ever, it remains unclear whether these strategies can be directly applied to multi-phase

materials such as 16MnCrS5. This uncertainty arises because the more complex network

of phases and phase boundaries in multi-phase materials creates additional pathways for

stress localisation, in particular around the damage-prone phase that are not present in

simpler dual-phase systems. To address this gap, Publication 4 analysed how local

neighbouring constituents affect damage prevalence associated with MnS inclusions, in

particular focussing on the nucleation and growth of damage sites as a function of their

environment. These environments are: purely ferritic, purely pearlitic, and mixed envi-

ronments. First, we focussed on determining the probability of damage site nucleation for

each microstructural environment. Results showed that no clear trend emerged regarding
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preferred locations of damage sites. This is in agreement with spherical nanoindenta-

tion measurements that we performed on the individual phases, showing that the yield

strength of ferrite and pearlite is comparable. Consequently we concluded that damage

nucleation, which is expected to occur at the onset of plastic deformation in MnS due to

the low fracture strength of materials with rock-salt crystal structure [119, 120], is not

strongly dependent on the local microstructural environment. Instead, other factors such

as crystallographic orientation of matrix grains or inclusion morphology, resulting in local

stress concentrations, are expected to have a greater impact. In a second step, we set out

to determine the impact of the local environment on damage site growth by comparing

the mean damage site size at various strain levels as a function of the pearlite fraction

(Figure 4.4).
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Figure 4.4: Trend of damage prevalence in terms of void area fraction in MnS as a function

of the local environment of MnS inclusions. Adapted from Publication 4.

We chose this metric as any change in the mean damage site size can be explained either

by growth of existing sites with increasing strain, which leads to an increase of the mean

damage size, or by nucleation of smaller sites, which leads to an decrease. However, as

stated previously, nucleation behaviour is not facilitated by any specific local environment.

Thus, all observed trends in mean damage site size as a function of pearlite fraction are

attributed solely to growth. Based on this reasoning, we showed that a ferritic environ-

ment facilitates damage site growth. From Figure 4.4, it is apparent that the strongest

changes in mean size occur at high pearlite fractions: mean sizes are approximately halved

when the pearlite fraction increases from around 70 % to 90 % at all strains. This indi-

cates that damage sites almost completely engulfed in pearlite experience significantly less

growth than those in other environments. We explain these observations based on the

strain partitioning between ferrite and pearlite. In ferrite-pearlite microstructures most

strain is accommodated by ferrite, due to its lower strain hardening capability compared
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to pearlite, as apparent from our recorded spherical nanoindentation stress-strain curves.

Consequently, pearlitic environments shield MnS interfaces from exposure to high strains,

which mainly drives void growth. When comparing microstructural design principles from

DP steels to the insights gained in Publication 4, it seems doubtful that DP design

principles can be directly applied to multi-phase materials. Since small and finely dis-

tributed second phases are unlikely to lead to high phase fractions around damage-prone

inclusions, it is expected that damage growth is increased in these microstructures.

4.2 Outlook and future work

In this dissertation, two tools for measuring damage prevalence were introduced, as well as

three distinct strategies for modifying materials and processes with the aim of achieving

damage-controlled forming. Based on these insights, further efforts are focussing on refin-

ing and implementing these concepts to enable practical damage-controlled forming. In

the context of tools for damage analysis, one limitation is that measurements of damage

prevalence are typically restricted to sample surfaces. However, since the microstructural

environment affecting damage nucleation and growth forms a three-dimensional network

around each inclusion, complete analysis cannot be achieved using only two-dimensional

micrographs. Therefore, adapting the quantification approach presented in this thesis for

use in slice-and-view experiments, such as those described in [59], could provide valuable

insights into the three-dimensional nature of damage in steels dominated by inclusion-

induced mechanisms. We expect this to be particularly helpful when combined with data

from other methods, such as additional EBSD mappings and material models, gained

for example from spherical nanoindentation. Together, these datasets enable the con-

struction of three-dimensional representations of the microstructure, which can then be

used to investigate local stress and strain distributions. This combinatory approach is

planned for future work to shed light on which 3-dimensional microstructural arrange-

ments are most important in the context of damage nucleation. Although several possible

influences have been listed in Publication 4, the key factor driving damage nucleation in

16MnCrS5 remains to be revealed. An additional effect that has not been addressed is the

superimposed influence of mechanical contrast on inclusion-induced damage prevalence.

Because so far all work has focussed on spatial variation within existing microstructures

rather than systematically altering phase properties, future work will involve engineering

16MnCrS5 steel microstructures. In this way, the previously determined influence of the

microstructure on damage prevalence can be confirmed, while simultaneously elucidat-

ing the impact of changed mechanical properties of matrix constituents. To this end,

three distinct microstructures will be compared: one featuring pearlitic bands surround-
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ing MnS inclusions, a second with bainitic bands surrounding MnS inclusions, and a final

microstructure comprising finely dispersed bainite. Based on this systematic variation, we

expect to separate how mechanical contrast, based on the different strengths of pearlite

and bainite, as well as microstructure, exemplified by a band like structure and a finely

dispersed structure, each influence damage prevalence. Finally, future investigations will

expand studies on 16MnCrS5 at elevated temperatures by examining the interaction of

additional high-temperature processes, such as recrystallisation, and aspects of damage

evolution, including nucleation, damage growth, and potentially even damage healing.

The effects of recrystallisation on damage are still not fully understood, particularly on

the scale of individual damage sites. Here, it remains an open question what effect chang-

ing the mechanical contrast and the local microstructure have on damage prevalence, in

particular on damage site growth. Depending on heat-treatment conditions, we expect

a range of effects to manifest, from softening of constituents, to grain sizes changes with

corresponding effects on material strength, to development of preferred crystallographic

orientations. Depending on which effect dominates the immediate environment of damage

sites, we expect damage site growth to be influenced accordingly. Additionally, effects of

larger scale, for example strain bands localizing deformation in certain areas are expected

to form in partially recrystallized microstructures, leading to superimposed effects of the

microstructural environment on damage site growth. For this purpose, the effects of com-

plete and partial recrystallisation on both damage nucleation and subsequent growth will

be evaluated by means of stopped tensile tests and in-situ heat-treatment. By revealing

the interactions between (partial) recrystallisation and damage, we hope to provide deeper

understanding of the interaction of heat-treatment and damage.
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A B S T R A C T   

Manganese sulphide inclusions are commonly found in steels and known to facilitate the formation of 
deformation-induced damage sites in the form of voids during cold forming. These damage sites either exist as 
cracks, splitting the inclusion in two parts, or as delamination, separating the inclusion from the surrounding 
steel matrix. Both negatively in昀氀uence the longevity of components, especially under cyclic loading. The analysis 
of damage is inherently scale-bridging, ranging from deteriorated global mechanical properties of the 昀椀nished 
part, over the damage behaviour of individual inclusions, to the local description of individual voids. In this 
work, we set out to devise an analysis approach gathering information on all these scales. To this end, we 
conducted in-situ tensile tests while acquiring high resolution SEM panoramic images and analysed them with 
two neural networks, trained for this work, to detect damage sites with respect to the inclusions at which they 
nucleated. We 昀椀nd that the main damage mechanism during tensile deformation parallel to the length of in-
clusions is cracking and that damage evolution is equally in昀氀uenced by void nucleation and void growth in the 
observed range of deformation. By focussing on the damaging behaviour of different inclusions, we show that the 
position of inclusions in the microstructure in昀氀uences the resulting damage evolution and that the vicinity of 
pearlite bands leads to decreased damage formation.   

1. Introduction 

The desired geometry and mechanical properties of 昀椀nal products 
are commonly achieved during forming (Gronostajski et al., 2019; Jes-
wiet et al., 2008). Cold forming, which is important for obtaining a 
greater strength-to-weight ratio, bears the risk of initiating microstruc-
tural damage in the form of voids, due to heterogeneous properties of 
different microstructural constituents (Schowtjak et al., 2020; Hoefna-
gels et al., 2015; Tasan et al., 2014). In this respect, a large amount of 
research has been dedicated to understanding and preventing the 
nucleation of damage sites during deformation, as they compromise the 
material’s mechanical properties (Tekkaya et al., 2017, 2020; Hering 
and Tekkaya, 2020; Gitschel et al., 2023). A relevant example for this is 
case-hardening steels, often used to manufacture gears and axles. In 
these materials, damage induced by non-metallic inclusions (e.g. man-
ganese sulphide) has been the subject of intense research (Tinoco et al., 
2022; Liu et al., 2019; Maciejewski, 2015). These inclusions can be 
bene昀椀cial, as they increase the machineability of the material and 
reduce hot shortness, but on the other hand they also introduce 

mechanical anisotropy (Ånmark et al., 2015; Diederichs and Bleck, 
2006). Additionally, during forming processes, these inclusions are 
harder to deform than the surrounding matrix, which leads to plastic 
incompatibility and the formation of micro voids (Matsuno et al., 1985; 
Kusche et al., 2020). Such small voids do not immediately give rise to 
failure but rather facilitate the formation of macroscopic cracks during 
service under cyclic loading, drastically reducing the longevity of 
products (Tekkaya et al., 2020; Moehring and Walther, 2020a, 2020b; 
Bruce et al., 2016). In the past, many researchers have already identi昀椀ed 
this problem and successfully focused on decreasing the number of voids 
in the microstructure by changing the load path during extrusion in 
terms of varying the deformation strains and the die geometry (Gitschel 
et al., 2023; Hering et al., 2020). However, because of their small size 
and random distribution in the microstructure, inclusions pose a chal-
lenge with respect to the associated damage analysis. 

The majority of methods used to quantify microstructural damage at 
inclusion sites is either focussed on a high-resolution analysis, lacking 
suf昀椀cient statistics, or on sampling of large areas, suffering from low 
precision and lack of local information on individual damage sites 
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(Tasan et al., 2012). Combining the positive aspects of current methods 
regarding statistical relevance and local damage characteristics can be 
achieved by implementing a high-resolution large-scale analysis with 
high throughput based on scanning electron microscopy (SEM) and deep 
learning, as was demonstrated by Kusche et al. (2019) and Medghalchi 
et al. (2020). Hering et al. (2020) have reported a high-resolution 
method that acquires backscattered electron (BSE) images of large 
sample areas and correlates them with corresponding EDX measure-
ments to quantify damage in the form of voids in the microstructure. 
This method is very precise in terms of the identi昀椀cation of the inclusion 
species, but also time-consuming and cannot distinguish damage sites by 
their initiation mechanism. In the current work, we propose a method 
that utilises secondary electron (SE) images and machine learning al-
gorithms to detect the inclusions and damage sites in the microstructure 
and classi昀椀es the detected voids with respect to their size and underlying 
mechanism. The analysis consists of two sequential steps: initially 
detecting the inclusions within the matrix followed by the subsequent 
classi昀椀cation of damage sites associated with these inclusions. We set 
out to improve the speed of damage quanti昀椀cation while simultaneously 
acquiring more information about the damage initiation mechanism in 
an attempt to highlight critical features of the load path and micro-
structure in relation to the formation of damage. To this end we use the 
proposed method to analyse the damage behaviour of a 16MnCrS5 
case-hardening steel subjected to quasi in-situ tensile tests with the aim 
to quantify global and local damage parameters along the strain path. 

2. Materials and methods 

2.1. Material 

The investigations in this work were performed on a 16MnCrS5 case- 
hardening steel. The microstructure of this steel consists of elongated 
manganese sulphide (MnS) inclusions, in a soft ferrite matrix with 
stronger pearlite bands (Umemoto et al., 2003). Such MnS inclusions 
have been reported in monocrystalline and polycrystalline form (Liu 
et al., 2019; Wang et al., 2020). The heterogeneous microstructure of the 
investigated 16MnCrS5 steel can be observed via SE imaging in the 
etched state. Under these conditions the mean diameter of the ferrite 
grains was estimated to be approximately 10 μm and the width of the 
pearlite bands to be ranging from 5 to 20 μm. If the sample is unetched, 
pearlite, ferrite and cementite cannot be clearly distinguished from each 
other. However, for the detection of the MnS inclusions and related 
damage sites, it is suf昀椀cient to use unetched samples. Inclusions show a 
darker grey contrast than the steel matrix, and voids appear almost 
black. In Fig. 1, two inclusions with damage sites are shown in an 
unetched steel matrix. We distinguished between two ways in which 
voids can initiate due to the in昀氀uence of inclusions: either they are 
created by forming a crack through a MnS inclusion, or by local deco-
hesion at the interface between the inclusion and the matrix surrounding 

it. In this work, these mechanisms are referred to as “crack” and 
“delamination” respectively. 

2.2. Sample preparation 

To achieve a 昀氀at surface and enable damage detection in the 
deformed microstructure, a tensile sample was ground and polished 
once before the 昀椀rst panoramic image was taken. This was done using 
diamond suspensions up to 1 μm, followed by a 昀椀nal polishing step in a 
0.25 μm oxide polishing solution (OPS) to further improve the surface 
quality. A second sample was metallographically prepared after it was 
deformed and additionally etched for 5 s in 1% Nital etching solution. 

2.3. Quasi in-situ tensile tests 

To study the damage behaviour induced by the MnS inclusions 
during deformation and to appraise the performance of the developed 
damage quantifying algorithm, quasi in-situ tensile tests were performed 
on a sample machined out of 16MnCrS5 rods as shown in Fig. 2. The 
obtained sample had a total length of 50 mm, a gauge length of 3.56 mm, 
and a thickness and gauge width of 1.5 mm. The sample was cut using 
electrical discharge machining (EDM) to minimise the deformation in 
the sample. 

Prior to deformation, the original surface of interest was imaged on 
the undeformed tensile sample using high-resolution panoramic SE- 
imaging in a FEG-SEM (LEO 1530, Carl Zeiss Microscopy GmbH, 
Oberkochen, Germany). The individual images were obtained at an 
accelerating voltage of 20 kV, using an aperture with a size of 90 μm, 
with a lateral resolution of 32 nm/px (horizontal 昀椀eld width of 100 μm 
and 3072 pixels). Image stitching of the obtained images overlapping by 
15% was performed using Image Composite Editor (Microsoft Corpo-
ration, Redmond, Washington), resulting in a seamless panoramic image 
with an area of 0.43 mm2 for the undeformed sample. To ensure that 
inclusions do not move outside of the measured area due to the elon-
gation in tensile direction, the length of the panoramic image was 
increased in tensile direction after each deformation step, increasing the 
imaged area to up to 0.46 mm2 at the highest strain. The quasi in-situ 
tensile tests took place in a micro-tensile stage up to a plastic 

Fig. 1. SE micrograph depicting the microstructure of analysed 16MnCrS5 
showing MnS inclusions with elongated shape and the two damage types 
distinguished in this work. 

Fig. 2. Schematic illustrating the dimensions of the tensile sample and how 
these were cut out of 16MnCrS5 rods with respect to the orientation of the 
MnS inclusions. 
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engineering strain of 16% at a speed of 10 μm/s (~0.003 1/s). After each 
deformation step, the deformed sample was then imaged in the same 
area and way to study the evolution of microstructure during defor-
mation. The sample was deformed in a total of 5 steps, resulting in 6 
panoramic images obtained at plastic engineering strains of 0%, 3%, 6%, 
10%, 13% and 16%. The second sample was deformed to a strain of 16%. 

2.4. Damage quanti昀椀cation 

Detection and subsequent quanti昀椀cation of damage sites was con-
ducted on unetched samples using a sequence of 2 convolutional neural 
networks, which were speci昀椀cally trained for their tasks in this work, 
followed by k-means clustering. It is a commonly used strategy when 
developing a network used for computer vision to take an already 
trained network and retrain it with images necessary to accomplish its 
task (Doulamis et al., 2000; Yu and Seltzer, 2011; Pham, 2020). This was 
also done for the Faster R–CNN convolutional networks with the 
ResNet50 architecture used in this work, that were already pretrained 
on the COCO 2017 dataset and acquired from the TensorFlow model zoo 
(Huang et al., 2017). The 昀椀rst neural network was trained on images of 
the microstructure at various strain levels acquired from tensile test 
specimens to separate the MnS inclusions that damage from the plasti-
cally deforming matrix. The resulting areas of interest found by this 
network feature complete inclusions, independent of the fact whether 
these inclusions show damage in the form of voids or not. Fig. 3 shows an 
example of this procedure, where areas with inclusions in the 16% 
deformed microstructure are outlined in green and two inclusions are 
magni昀椀ed. In a similar manner, the second neural network was trained 
on images of deformed inclusions to classify corresponding damage 
sites. The networks were trained on 6 samples with varying degree of 
damage containing a total of 358 inclusions and 415 damage sites that 
were manually labelled. If damage sites are present in the output of the 
昀椀rst network, they are isolated, and the damage initiation mechanism is 
classi昀椀ed as either cracking or delamination. An example of detected 
and classi昀椀ed damage sites is also shown in Fig. 3 (highlighted in yel-
low). These images were further processed by using two greyscale 
thresholds to distinguish between the actual damage site and the 
remaining parts of the inclusion and the steel matrix around the inclu-
sion. To automate this thresholding and enable measurement of the 
individual voids, a K-means clustering algorithm (Hartigan and Wong, 
1979) was employed, as highlighted in purple in Fig. 3. The threshold 
analysis of greyscale images distinguishes voids (shown in black) from 
inclusions and the surrounding matrix, which are depicted in grey and a 
lighter grey respectively. This colour coding can be observed in the 
clustered image (left image highlighted in purple in Fig. 3), allowing for 
the extraction of pixels belonging to the void (right image highlighted in 
purple in Fig. 3). Using this procedure makes it also possible to gather 

local information, such as the area, the position, the initiation mecha-
nism per void and also the number of voids per inclusions. Combining 
the individual information of all found voids also provides information 
about global damage parameters such as Void Area Fraction (VAF), 
Number of Voids (NoV) and the dominant initiation mechanism. 

3. Results 

Analysis of damage comprised 6 analysed panoramic images at the 
plastic engineering strains of 0%, 3%, 6%, 10%, 13% and 16%. The 
results are shown in Table 1 in terms of the (i) Void Area Fraction (VAF) 
given in parts per million (ppm), which relates the area covered by voids 
to the total imaged area, (ii) the Number of Voids (NoV) per unit area 
and (iii) the ratio of the number of detected cracks to the number of 
detected delamination sites. Additionally, the evolution of these damage 
parameters is shown in Fig. 4 as a function of strain. As evident from 
Fig. 4, both VAF and NoV reveal an increasing trend with strain. 

In addition to the global parameters, local damage characteristics 
describing the evolution of individual damage sites were obtained from 
the analysis. This is shown in Fig. 5 as an example for one individual 
MnS inclusion in the undeformed state and at 6% and 16% strain. 
Similar to the global damage parameters, the local number and area of 
voids increase continuously with deformation. 

Even though damage nucleation is a local microstructural event, the 
total number of sites for each damage mechanism can be scrutinised in 
order to 昀椀nd out which mechanism is globally dominant during the 
course of deformation. This is shown in Table 1, which reveals that the 
ratio of the number of cracks relative to delamination sites rises with 
strain. 

4. Discussion 

4.1. Global damage behaviour 

Using the described method for damage analysis during tension in 
the direction of the largest MnS dimension allows for damage quanti昀椀-
cation on both the global scale, focussing on the entire panoramic image, 
as well as on the local scale, focussing on individual inclusions and 

Fig. 3. Work昀氀ow of inclusion detection (green), damage detection and classi昀椀cation (yellow) and quanti昀椀cation (purple) using two neural networks and a K-means 
clustering algorithm. (For interpretation of the references to colour in this 昀椀gure legend, the reader is referred to the Web version of this article.) 

Table 1 
Void area fraction, number of damage sites/voids (NoV) and ratio of cracks to 
delamination sites as a function of plastic strain.  

Plastic strain (%) 0 3 6 10 13 16 
Void area fraction (ppm) 0.6 12.6 22.7 38.1 63.7 85.2 
NoV (102

/

mm2) 0.10 1.45 2.56 4.89 6.37 7.77 
Cracks/Delamination 0.3 3.8 9.5 8.7 15.7 14.2  
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voids. On the global scale, a clear trend of increasing damage parameters 
is observed during successive straining, as both NoV and VAF increase 
similarly (Fig. 4). If one of these damage parameters was to increase 
faster in relation to the other, this would be indicative of either a 
nucleation or growth-controlled process. For the range of strains 
investigated here, we cannot identify a dominance of one parameter or a 
transition to a clearly accelerated increase in area or number of voids. 
This is consistent with the results of the determined mean void area, 
analysed at every deformation step. For a growth-dominated increase of 
VAF (i.e. facilitated growth of a small number of voids), the mean void 
size should increase, whereas for a nucleation-dominated process (high 
nucleation rate and restricted growth), it would become smaller. The 
mean void size determined in this work shows no speci昀椀c trend as a 
function of strain as shown Fig. 6. 

This con昀椀rms the previous assessment based on VAF and NoV, 
namely that damage formation is neither dominated by nucleation nor 
by growth, i.e. they both affect damage in equal parts. This observation 

agrees with related studies in the literature, even if the underlying mi-
crostructures are often very different, in particular either lacking me-
chanical contrast between different phases or a more continuous 
network of hard and soft phases. Bao and Wierzbicki concluded that 
failure of metals in the range of low positive triaxialities is caused by a 
mixed mechanism consisting of void growth and shear bands (Bao and 
Wierzbicki, 2004). Kusche et al. reported that the triaxiality mainly in-
昀氀uences damage growth, while the applied strain mainly in昀氀uences the 
damage nucleation in DP800 steel (Kusche et al., 2021). Applying this 
knowledge to the present results means that the global parameter of 
stress triaxiality was facilitating growth in such a way that it had a 
similar contribution to the VAF increase caused by nucleation. It further 
suggests that a transition in the damage behaviour can take place, i.e. 
the damage evolution would be dominated by growth if the global 
triaxiality is to increase, e.g. by necking of the tensile sample at larger 
strains. 

4.2. Local damage nucleation and evolution 

4.2.1. Prevalence of damage initiation mechanisms 
Because the used method of damage quanti昀椀cation is of suf昀椀cient 

local resolution, the damage characteristics at individual inclusion sites 
and even of individual damage sites can be compared easily for one 
given strain or for different strains. The latter is considered in Table 1, 
where the continuously increasing ratio of inclusion cracks to delami-
nation damage at the inclusion/matrix interface shows that inclusion 
internal cracking is the dominant damage initiation mechanism during 
uniaxial tension along the direction of the largest MnS dimension. The 
reason for this can be found in the stresses acting on the inclusion since 
the driving force for damage formation is produced by the applied 
tensile stress irrespective of the initiation mechanism. However, the 

Fig. 4. Change of NoV (a), VAF (b) over the course of deformation during quasi in-situ tensile testing.  

Fig. 5. Quasi in-situ observations of the damage formation and evolution at a 
MnS inclusion at 0%, 6% and 16% tensile strains. An example of the quanti昀椀ed 
damage parameters is shown for one individual void (highlighted in yellow) 
and for the whole inclusion. (For interpretation of the references to colour in 
this 昀椀gure legend, the reader is referred to the Web version of this article.) 

Fig. 6. Change of the mean void size during quasi in-situ tensile straining.  
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applied tensile stress subjects the interfaces of inclusions to shear stress 
in this direction of straining, i.e. parallel to the longitudinal axis of the 
inclusions, leading to limited formation of delamination damage, 
because these shear stresses are not promoting void growth and the 
transverse contraction of the sample even leads to forces counteracting 
the growth of these voids. As a result, delamination damage has a low 
prevalence and the delamination damage sites that are present have 
either nucleated at cracks (cf. Figs. 5 and 16% strain) or at the edges of 
inclusions where the adhesion of the interface was not suf昀椀cient and 
“昀椀bre” pull-out is taking place as shown in Fig. 7. 

This suggests that the dominant mechanism can be in昀氀uenced by 
changing the loading direction. When the loading direction is adjusted 
in a way that the sample is strained in tension perpendicular to the di-
rection of the largest MnS dimension, it is expected that delamination 
will be the dominant damage initiation mechanism, because normal 
forces are acting on the interface, promoting void nucleation and growth 
by delamination. 

Micro-cracks, on the other hand, are easily initiated within the 
deformed inclusions at ~90◦ from the direction of their largest dimen-
sion if the stress is applied parallel to this direction. Here the driving 
force, the applied tensile stress, produces normal stresses at the crack 
interfaces, and the suf昀椀cient adhesion of the inclusion additionally leads 
to the limited prevalence of “昀椀bre” pull-out. A closer investigation of 
these damage sites reveals that internal cracks are never in immediate 
vicinity to each other as shown in Fig. 8. The distance between neigh-
bouring damage sites was measured for 12 inclusions in the last defor-
mation step at 16% strain, resulting in a total of 47 spacings in the 
direction of the largest MnS dimension, measured from the centre point 
of one crack to the next. The estimated values spanned over a wide range 
reaching up to 5.8 μm, but never reaching a distance lower than 0.6 μm. 
The distribution of crack distances also spanned over a wide range inside 
of individual inclusions, as also shown in Fig. 8, for a particularly long 
MnS inclusion with a total length of 37 μm. 

There are two obvious reasons for a minimum spacing between 
cracks related to the origin of crack nucleation: brittle cracks do not only 
require a suf昀椀cient crack driving force, such that crack growth promotes 
relaxation of elastically stored energy, but also a nucleation site con-
taining a critical 昀氀aw. Crack nucleation sites may result from plastic 
deformation within the MnS inclusion itself or from stress concentra-
tions formed at the interface due to plasticity in the surrounding matrix, 
as known from 昀椀bre composite materials (Jollivet et al., 2013). Slip and 
cleavage on speci昀椀c planes in the MnS phase are strongly orientation 
dependent (Kusche et al., 2020) and if these planes were the sole origin 
of the observed cracks, cracks would be expected to strongly scatter in 
orientation relative to the tensile axis. This is, however, not observed in 
the current study, as cracks are always nucleated at ~90◦ to the longi-
tudinal axis of the inclusion. If slip in the MnS phase was to occur at a 
considerable rate, shearing of the particles would be expected, but is also 
not observed. Crack initiation from stress concentration sites owing to 
matrix deformation should, in quasi in-situ straining with a free surface, 

correlate with the formation of slip traces in the vicinity of cracks, at 
least where a slip component normal to the surface is present. This is in 
fact observed here (Fig. 8), suggesting that stress concentrations in the 
matrix act as damage nucleation sites. However, more detailed in-situ 
work using additional methods such as electron backscatter diffraction 
(EBSD) to image dislocation induced lattice rotations before crack 
initiation will be required to clearly show that localisation of plasticity 
in the ferrite matrix at the inclusion interface is in fact the initial step. As 
the aim of this study was to provide a high throughput analysis, EBSD 
could not be included. However, the presented method, including 
identi昀椀cation of the MnS inclusions by a neural network, could be linked 
to a further automated work 昀氀ow allowing site speci昀椀c EBSD mapping 
during straining in future work. The combination of stress concentra-
tions from the matrix acting as damage nucleation sites and normal 
stress acting as a driving force, leads to the observed distribution of 
crack spacings. If normal stress alone was the only driver of cracking, 
more regular crack spacings are expected, as in 昀椀bre composites 
(Cuypers and Wastiels, 2006), but are not observed in this work. 

4.2.2. Damage evolution at individual inclusions 
Considering the mean damage size during ongoing deformation 

irrespective of the dominant initiation mechanism (cf. Fig. 5), it is 
evident that the size of individual damage sites increases, reproducing 
the discussed global damage behaviour at a local scale. Additionally, it is 
seen that new voids nucleate even at later stages of deformation, as 
shown in Fig. 5. These new voids decrease the mean void size in the 
sample compared to a case, where the same void area is attained via 
fewer voids. Interestingly, the mean void size increases for this speci昀椀c 
inclusion in Fig. 5, as it rises from 0.06 μm2 at a strain of 6% to 0.09 μm2 

at a strain of 16%. However, the global mean void size does not increase, 
leading to the conclusion that other inclusions must show stronger 
nucleation than growth. Another comparison of the damage behaviour is 
shown in Fig. 9 for different inclusions at the same strain of 16%. The 
featured inclusions show different levels of damage comprising (a) no 
damage at all, (b) nucleated micro-voids and (c) grown micro-voids. 
This different progress of damage at different inclusions is likely the 
reason for the ambiguous trend of the void size at the measured strains 
between zero and 16%. 

As evident by the wavy microstructure in the matrix around the 
damaged inclusions (Fig. 9 b and c), it is likely that the local deformation 
behaviour of the softer matrix affects the evolution of damage in sur-
rounded inclusions. In Fig. 9 c, the matrix appears strongly deformed 
around the inclusion with grown voids, while the matrix in Fig. 9 a 
shows almost no signs of deformation and the inclusion itself shows no 
voids. The deformation behaviour of the matrix is determined by its 
crystallographic orientation, and in the current case, also by its local 
phase distribution, which remain concealed in Fig. 9. To shed light on 
this aspect, a deformed sample was etched to reveal the ferritic-pearlitic 
matrix. Since the pearlite structure has different mechanical properties 
than ferrite, they are expected to deform differently, which should have 
implications for the damage formation at inclusions nearby, suggesting 
that the position of an inclusion in the matrix plays a major role, as 
postulated by Qayyum et al. (2022). Fig. 10 depicts an example of a MnS 
inclusion that is partially encompassed by pearlite and ferrite. The part 

Fig. 7. Inclusion showing internal cracks and pull-out delamination at 
16% strain. 

Fig. 8. Example of a MnS inclusion with multiple damage sites (internal cracks) 
in an unetched sample at 16% strain. The maximum spacing between two 
cracks along the direction of the largest MnS dimension is 5.8 μm and the 
minimum spacing 0.73 μm. 
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of the inclusion next to pearlite experienced less damage compared to 
the parts in the ferrite matrix, which exhibit a greater crack opening. A 
statistical assessment of this observation is needed but at this point not 
possible, because the introduced automated method cannot reliably 
handle an etched microstructure yet. However, from Fig. 10 it is 
reasonable to assume that damage of MnS inclusions in this material can 
be reduced by controlling the pearlite content in the microstructure. 

As discussed for the prevalence of different mechanisms, it was 
suggested that stress concentrations in the matrix around the inclusion 
act as damage nucleation sites. As pearlite shows less stress concentra-
tion at the inclusion interface than the ferrite matrix, because it is harder 
to deform, it is suggested that the discussed average spacing between 
damage sites, and hence their number density also depends on whether 
the microstructural surrounding is ferrite or perlite. For the shown 
example in Fig. 8 it is evident that a small spacing between two neigh-
bouring damage sites exists in the region, where the matrix (most likely 
ferrite) exhibited a rough wavy appearance and deformation steps. On 
the other hand, less deformation is observed on the right-hand side of 
the SE image, where a maximum spacing between damage sites was 
measured and where pearlite it is expected. 

5. Conclusions 

In the current work, 16MnCrS5 steel, containing elongated MnS in-
clusions, was subjected to quasi in-situ tensile tests along the direction of 
the largest inclusion dimension to investigate microstructural damage 
on global and local (mesoscopic) scales. We developed an automated 
damage quanti昀椀cation method that utilises panoramic, high-resolution 
SE imaging and machine learning algorithms trained to detect and 
classify damage types at MnS inclusions. The following conclusions can 
be drawn from the obtained results.  

• The applied method of automated damage analysis using two neural 
networks allowed the determination of global damage properties, 
such as the number of voids and the void area fraction, and provided 
valuable local information regarding the individual void size and 
damage initiation mechanism.  

• The method also allowed for useful comparisons of individual 
damage sites occurring at inclusions in the context of their initiation 
and evolution as a function of strain or as a function of their 
microstructural surrounding.  

• With increasing strain there was an increase in damage re昀氀ected by 
an upsurge of damage parameters (NoV and VAF). This was in昀氀u-
enced by continuous events of void nucleation and growth during 
deformation up to a maximum strain of 16%. At larger strains (not 
investigated in the current work), the mode of damage evolution is 
expected to be predominantly controlled by growth due to a local 
increase of stress triaxiality during sample necking.  

• The extent of damage at individual MnS inclusions was observed to 
depend on the deformation behaviour of the surrounding ferrite/ 
pearlite matrix. Inclusion parts surrounded by the ferrite matrix 
showed greater crack opening than other parts near pearlite. An 
observed uneven distribution of internal cracks that were either 
separated by < 1 μm in case of a strongly deformed matrix or several 
micrometres in case of a less deformed matrix, is suggested to be 
dependent on the surrounding pearlite as well.  

• Under uniaxial tensile loading along the direction of the largest MnS 
dimension, internal cracking of MnS inclusions is the major damage 
initiation mechanism compared to delamination damage, i.e. sepa-
ration of the inclusion from the surrounding steel matrix. This can 
change if tensile loading was applied perpendicular to the direction 
of the largest MnS dimension.  

• The presented information suggests that additional parameters have 
to be considered when designing damage tolerant processes and 
materials, such as the loading direction with respect to the largest 
dimension of elongated inclusions and the local microstructural 
environment surrounding inclusions. 
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Fig. 10. Etched 16MnCrS5 microstructure showing a MnS inclusion that is 
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greater crack opening in the parts of the inclusion that are surrounded by the 
ferrite matrix, i.e. not the perlite structure. 
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h i g h l i g h t s

� We show that when deformation first

proceeds under a negative stress

triaxiality and then, due to a strain

path change, under positive

triaxiality, damage formation is

reduced owing to a favourable effect

of strain hardening on inhibiting void

nucleation and growth.

� We also show that when deformation

proceeds under positive triaxiality

during the first and the second strain

path, damage formation is promoted,

despite strain hardening, because the

number of voids is already high after

the first strain path.

� In strain paths where deformation

under positive triaxiality is followed

by deformation under negative

triaxiality, the damage parameters

show a decrease that is likely related

to a reduction of ductile damage by

void closure due to negative

hydrostatic pressure.

� Changing the loading direction

between the first and second strain

path decreases the rate of damage

formation, as compared to a fixed

loading direction during both strain

paths.
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a b s t r a c t

Ductile damage in dual-phase steels deteriorates the mechanical properties, resulting in a lowered crash-

worthiness and a shorter life-time under cyclic loading. However, most works focus on the observation of

damage under simple strain paths, even though work pieces are often subjected to combined strain paths

during forming. In this work, we set out to characterise the damage behaviour for a DP800 steel subjected

to combinations of tensile and bending loads. To this end, we use an automated approach based on

machine learning to quantify damage in high-resolution SEM panoramic images, coupled with finite ele-

ment modelling to determine the stress state, and high-throughput nanoindentation to determine the
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Damage
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strain hardening behaviour. We find a strong connection between loading direction and damage forma-

tion in both steps of the forming process. By focussing on different possible combinations of positive and

negative triaxiality, we show that the combination of two deformation modes with positive triaxiality

leads to a promotion of damage formation. A negative triaxiality applied after a positive triaxiality leads

to void closure, reducing the number of damage sites and total void area. Importantly, deformation with

negative triaxiality carried out before deformation with positive triaxiality inhibits damage nucleation

and growth due to strain hardening.

� 2023 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With rising demand for better mechanical properties and

increasing safety requirements, it becomes inevitable that

safety-relevant structural components need to be engineered in

a way that guarantees the targeted mechanical properties along

the line of production up to the finished product. This can be

very challenging because during forming processes, initiation

and evolution of microstructural damage sites have a strong neg-

ative influence on the mechanical properties [1,2]. Due to void

formation, growth and coalescence, premature ductile failure is

very likely to occur, especially during cyclic loading [3,4]. This

not only has a negative impact on the material’s formability to

achieve the desired geometry but also on its crashworthiness,

of relevance for example in the automotive industry and the

longevity of the part during use. As was reported in [5], the

occurrence of ductile failure in high-strength multiphase steels

can be related to a combination of ductile damage mechanisms

and shear localization. This is particularly observed in DP steels

because of their especially heterogeneous microstructure consist-

ing of a soft ferritic matrix with hard martensitic islands inside

[6,7]. The structural, chemical and mechanical contrast of these

constituent phases leads to a heterogeneous stress distribution

during forming, and thereby strongly impacts the material’s

mechanical behaviour [8,9]. Damage in DP steel has been subject

to intense research in the past years, where significant knowl-

edge regarding the damage mechanisms occurring during defor-

mation along simple strain paths has been established [10–18].

The results of these works show that martensite cracking and

interface decohesion are the main mechanisms for microstruc-

tural damage [13,19]. In that respect, some works reported that

the contribution of interface decohesion to damage nucleation

increases at higher strain levels [16,20,21]. One challenge in DP

steel research lies in its inherent, local heterogeneity, rendering

direct comparisons between different steel grades difficult.

Recently, work based on the use of artificial intelligence for

image analysis, has begun using damage analyses across large

areas to address this issue by improving phase differentiation

[22], confirming the change in dominant damage mechanism

with strain and stress state [21,23], describing the reorientation

of martensite cracks in biaxial straining [24] and uncovering the

additional effect of triaxiality [25] and crystal orientation [26] on

damage nucleation and growth.

In an industrial context, various sheet metal forming pro-

cesses subject the material to a complex deformation history

by a combination of (locally) different strain paths. To develop

damage models that can be applied to more realistic cases, it

is therefore important to mimic these complex strain paths

and investigate nucleation, growth and interaction of damage

sites during each step of the forming process both at a local

and global scale. In literature some works concerning complex

strain paths have been conducted on DP steel but with a focus

on the global mechanical properties [27–29]. For this reason,

we present here a systematic microstructural study of micro-

scopic damage evolution as a function of imposed strain path.

The loading scenarios investigated include simple tension, simple

bending and a combination of tension and bending in two differ-

ent sequences. Our aim is to clarify how a changing stress-state

along the strain path affects damage behaviour in each model

case, and to discuss how this knowledge can be utilized to

reduce damage and to support optimization of forming pro-

cesses. To this end, we used machine learning to analyse panora-

mic images acquired in a scanning electron microscope to detect

and classify damage sites in deformed samples. In addition, we

employ finite-element (FE) simulations to link the damage beha-

viour with the strain distribution and evolution of the stress

state during deformation. Lastly, we make use of high-

throughput nanoindentation mappings to quantify strain harden-

ing and link it to the damaging process. Recently this method

has become more popular in literature [30–32] because of its

ability to generate large statistical data sets within short time

periods, making it possible to distinguish between microstruc-

tural constituents of small size because of the low indentation

depth and high spatial resolution.

2. Materials and methods

2.1. Material

The investigations in this work were performed on a commer-

cial dual-phase steel of DP800 grade. The chemical composition

of this steel determined by wet-chemical analysis is given in

Table 1 and the mechanical properties determined by tensile tests

are shown in Table 2. Both the chemical composition and mechan-

ical properties are taken from [33].

A typical microstructure of the investigated DP800 sheet, repro-

duced from the RD-ND plane of the sheet (RD, TD, ND refer to the

rolling, transverse and normal directions), is shown in Fig. 1.The

insets in the figure show magnified views featuring banding of

the martensite phase along the RD (outlined in orange) and the fer-

rite matrix (outlined in blue). A typical microstructural damage

site in form of a brittle crack in a martensitic band is also shown

(outlined in green).

2.2. Bending tests

In order to investigate a combined strain path consisting of

bending and subsequent tensile loading under quasi-static condi-

tions, the investigated DP800 sheet material with a thickness of

1.5 mm was first cut into 60 mm � 60 mm samples using electri-

cal discharge machining (EDM) for simple three-point bending

tests. For the bending tests, a stamp with a radius of 1 mm and

a die with a width of 8 mm and radii of 1 mm were used to

deform the samples to a plastic equivalent strain (PEEQ) of 0.3

in bending direction, measured at the outer edge of the bending

side, resulting in a bending angle of 64� (cf. Fig. 2a). Stress triax-

iality during bending was estimated by FE simulations and
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showed a maximum value of 0.57 at the outer edge of the bend-

ing side (presented later in Fig. 9). The bent samples were first

used for individual analysis of damage during bending and then

processed further for damage analysis after two-step bending

and tensile testing. In total, the damage behaviour of three bend-

ing samples was analysed.

Table 1

Chemical composition in weight percent (%) determined by wet-chemical analysis of analysed DP steel as taken from [33] (DP2).

C Si Mn P S Al

0.131 0.194 1.69 0.0088 0.0016 0.038

Cr Mo Nb Ti V B

0.718 0.0035 < 0.001 0.0303 0.0027 < 0.001

Table 2

Mechanical properties of analysed DP steel measured in tensile tests as taken from

[33] (DP2).

Yield stress (MPa) UTS (MPa) UE (%) TE (%)

494 830 11.5 18.6

Fig. 1. Scanning electron microscopy image of the dual-phase steel DP800 microstructure acquired in the sheet plane. Examples of a martensite band, ferrite matrix and

damage site (martensite cracking) from a strained sample are highlighted. RD, TD, ND refer to the rolling, transverse and normal directions.

Fig. 2. Overview of the different sample geometries used in the mechanical tests to investigate the damage behaviour. a) bending test specimen b) tensile test specimen

obtained from a bent sheet c) tensile test specimen d) bending test specimen obtained from a tensile test specimen. The tensile tests were terminated at e = 12.5 %.

M.A. Wollenweber, S. Medghalchi, L.R. Guimarães et al. Materials & Design 231 (2023) 112016

3



2.3. Tensile tests

Aside from bending, damage analysis was also carried out after

simple tensile testing. For this, another sheet of the same DP800

material used for the bending tests was machined into dog-bone

shaped tensile specimens with a gauge length of 3.56 mm, a height

of 1.5 mm and a gauge width of 1.5 mm, as shown in Fig. 2c. These

specimens were loaded in a micro-tensile stage to 12.5 % plastic

engineering strain at a speed of 10 lm/s (�0.003 1/s), and then

analysed regarding their damage behaviour. A strain of 12.5 %

was chosen, to ensure that a comparison of the damage prevalence

induced through the simple tensile test and the combined strain

path (section 2.4) is possible. In this case 12.5 % is adequate,

because on the one hand it is large enough to have an impact on

the damage prevalence (cf. Table 2), but on the other hand it is

not large enough to lead to failure of the combined specimen. In

total three tensile samples were analysed in this context.

2.4. Two-step deformation tests (bending ? tension)

To compare the damage behaviour investigated after individual

bending and tensile tests to the damage behaviour after a combi-

nation of both tests (first bending then tension), the previously

described dog-bone specimens were machined from a bent sheet,

as shown in Fig. 2b, and then deformed in tension up to 12.5 %

engineering strain. FE simulations showed that in all parts of the

sample a positive stress triaxiality prevailed during tensile loading

(shown later in Fig. 9).

2.5. Two-step deformation tests (tension ? bending)

In order to investigate an additional variation of a combined

strain path, the sequence of the previous two-step loading in sec-

tion 2.4 was reversed such that the sample was first loaded in ten-

sion and subsequently deformed in bending to a plastic equivalent

strain of 0.11 in bending direction, again measured at the outer

edge of the bending side. The damage analysis was then carried

out in the TD direction as shown in Fig. 2d. Additionally, the dam-

age evolution in this strain path was observed in a quasi in-situ

experiment by analysing the same area of the sample surface after

tension and after subsequent bending.

2.6. Nanoindentation

Nanoindentation was used to determine the micromechanical

properties of martensite and ferrite, in association with the strain

path. A bending sample was measured on the surface parallel to

the sheet ND in 4 different areas of deformation. This includes (i)

the tensile region of the bending zone, (ii) the compression region

of the bending zone, (iii) the centre region of the sample and (iv) an

undeformed area. In every area, a rapid 100 � 100 array indenta-

tion mapping with a spacing of 700 nm between indents and a tar-

get load of 1 mN, reaching indentation depths of 150 nm in the

softer ferrite phase, was conducted using a load-controlled iNano

Nanoindenter (KLA, Oak Ridge, Tennessee) with the NanoBlitz 3D

property mapping method. This method enables fast mapping of

key values from nanoindentation experiments with a high spatial

resolution, so that mappings of nano-hardness and indentation

modulus are obtained with a frequency of up to 1 indent per sec-

ond. The nano-hardness and indentation modulus values were

obtained by evaluating the results with the Oliver and Pharr

method [34,35]. Afterwards the measured hardness data of every

mapping was discretised into 3 parts: The (i) ferrite and (ii)

martensite phases and (iii) the interface between them. This inter-

face is not meant to represent the properties of a physical interface,

but the area, in which the plastic zone of the indents has, to all

probability, stretched over both phases. This was implemented to

clear the ferrite and martensite clusters of uncertain data, showing

influences from both phases. In order to make the discretisation

automatic a k-means clustering algorithm was applied. The three

resulting clusters were then used to determine the individual

phase properties at different parts of the bending sample. This pro-

cedure is exemplified for the area in the middle of the bending

sample in Fig. 3 showing how the clusters are determined from a

heatmap of hardness data.

2.7. Sample preparation

To detect the generated damage sites in the deformed

microstructures, all of the described samples, except the nanoin-

dentation sample, underwent the samemetallographic preparation

procedure. This consisted of mechanical grinding and polishing of

the sample surface of interest shown in Fig. 2 with a diamond sus-

Fig. 3. Example of a nano-hardness heatmap obtained from the centre region of a bending sample (left) and a hardness clustering map from the same area obtained by using a

k-means clustering algorithm (right).
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pension up to 1 lm, followed by final polishing with an OPS solu-

tion up to 0.25 lm. For samples analysed in the SEM, additional

etching in 1 % Nital solution for 5 s was applied. It is important

to notice that all samples are only mechanically prepared once,

to achieve the same surface conditions for all samples. This means

that in the combined strain paths, samples were only prepared

after the last deformation. The nanoindentation sample was

mechanically ground and polished, but analysed in an unetched

state to ensure a minimal roughness of the surface.

2.8. Microscopic damage analysis

After sample preparation, the automated identification and

quantification of damage sites in the sample was conducted using

panoramic imaging in a Zeiss Leo 1530 FEG-SEM (Carl Zeiss Micro-

scopy GmbH, Oberkochen, Germany) scanning electron micro-

scope using a secondary electron (SE) detector. Individual images

in a single panoramic image had a horizontal field width of

100 lm and a resolution of 3072x2048 pixels, resulting in a lateral

solution of 32 nm/px. The panoramic images were post-processed

in MATLAB 2020b to achieve similar brightness and contrast set-

tings, by equalizing the greyscale histogram of the individual

images, before they were stitched using the microscopy image

stitching tool (MIST) plugin in ImageJ [36,37]. Afterwards, the

images were analysed with the help of a convolutional neural net-

work, which had already been trained and used for damage site

quantification by detection and classification on the same DP800

steel and is described in more detail in references [21,24].

2.9. Finite element simulations

In addition to the experimental part of loading along different

strain paths and corresponding quantitative damage analysis, finite

element simulations of the strain distributions during simple

bending and subsequent tensile loading were carried out. The sim-

ulation was conducted implicitly in Abaqus (Dassault Systems,

2017). For this simulation, isotropic hardening and a value of zero

for friction was assumed, since it has negligible influence on the

stress state of the sample. Elements of the type C3D8R were used

with an edge length of 0.2 mm. The flow curve was extrapolated

using the Ludwik extrapolation [38] and the corresponding for-

mula kf ðPEEQÞ ¼ kf ð0Þ þ C � PEEQn with the work-hardening

parameters of kf(0) = 518.1, C = 954.63 and n = 0.37. For a quanti-

tative description of the triaxiality after a strain path change, kine-

matic hardening must be considered, as cross-hardening effects

will influence the yield characteristics of the material, which may

effectively lead to different triaxialities [28]. However, in this work,

we chose to use a simple work-hardening model as we only con-

sider qualitative changes in triaxiality in our assessment of damage

evolution. Also, with the intention to decrease computation time, a

plane of symmetry was added in the centre of the sample (cf.

Fig. 9), which included the boundary conditions of no displacement

in x direction and no rotation around the y and z axes. Here, the

bending test was modelled first before it was then subjected to a

uniform tensile load. The results included a distribution of the

plastic equivalent strain in the sample at different time steps along

with the stress triaxiality and Lode angle parameter over the plas-

tic equivalent strain in bending direction in different areas of the

sample (cf. section 3.7). Theoretical studies have shown that the

influence of the Lode parameter mainly affects the void shape

instead of the void size or number. In later stages of deformation,

it also influences the stress for void coalescence that ultimately

leads to failure [39–41]. Hence, even though the Lode angle param-

eter was calculated, the focus of the current study was on the stress

triaxiality.

3. Results

3.1. Single strain path: Bending

Three samples were taken from the described bent sheets and

analysed with respect to their damage behaviour. For these analy-

ses, the height of the panoramic image was set to be parallel to the

sheet ND (cf. Fig. 2a) and the width of the panoramic image was

chosen to be 1 mm. The results of this analysis for one sample

are visually represented in Fig. 4. Each square represents one

detected damage site. The squares are differently coloured accord-

ing to the assigned mechanism, which is given in Fig. 4. Blue

squares indicate voids originating from pre-existing inclusions in

the microstructure (hereafter referred to as inclusion-induced

voids), red squares indicate martensite cracking, green squares

indicate martensite-ferrite interface decohesion and yellow

squares indicate a category called notch. It is assigned to damage

sites that are too small to be associated clearly with the other men-

tioned damage initiation mechanisms, but seem to be dominated

by the stress concentration in a notch of one or two martensite

islands. This category was first introduced in [21] and was shown

to increase the classification accuracy for all detected voids. A dam-

age distribution histogram, showing the number of damage sites in

a certain region along the sample thickness normalized to the total

number of damage sites in the measured area on the sample, is also

shown in Fig. 4. Because the stress state which the sample experi-

ences during the bending procedure changes along the sheet thick-

ness, the sample was divided into thirds along this axis, each of

which was exposed to a different stress state during bending.

The top area experienced predominately tensile stresses and is

shown in this work at the top of the panoramic images. The bottom

area experienced mainly compressive stresses and analogously it is

shown at the bottom of the panoramic images. The centre area

experiences both tensile and compressive stresses and encom-

passes the neutral fibre. The resulting strain in this area is lower

compared to the top and bottom part. The respective void area

fraction (VAF), given in %, and the number of voids (NoV), normal-

ized to 103 voids per mm2, are summarized for the tensile sides of

all pure bending samples in Table 3.

The predominant damage mechanisms observed in the bent

samples were identified as martensite cracking and interface deco-

hesion. They showed a similar distribution to what is described in

the literature with respect to martensite cracking being the domi-

nant mechanism [13,21]. However, the distribution of damage ini-

tiation mechanisms is not in the scope of this work and we will

focus on the damage distribution of all ductile damage sites in this

work. The damage behaviour in terms of the number and area of

damage sites showed considerable differences between the tensile

side and the compressive side, with the latter having a smaller

number of detected damage sites and a smaller void area fraction.

3.2. Single strain path: Tension

Similar to the procedure with the bending samples, three ten-

sile samples deformed to 12.5 % plastic engineering strain were

analysed with respect to their total void area fraction and number

of voids. Microscopic images were obtained from the mid-section

of the RD-ND plane and span the complete sample thickness (cf.

Fig. 2d). As expected all sample regions (top, middle and bottom)

experienced tensile stresses. The results of damage analysis for

one tensile sample are shown in Fig. 5. Analogously to the bending

sample, each square represents one damage site and the assigned

colours indicate the respective nucleation mechanism. A normal-

ized damage site distribution histogram through the sample thick-

ness is also shown in Fig. 5. The statistical results for all tensile test

samples are summarized in Table 4. On average, the damage distri-
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Fig. 4. SE image of detected damage sites, their initiation mechanism and distribution through the sample thickness (k ND) for the case of simple bending of the DP800 sheet

material.

Table 3

Void area fraction and number of damage sites/voids (NoV) in the tensile side of pure bending samples.

Sample name Bending 1 Bending 2 Bending 3 mean

Void area fraction (%) 0.035 0.021 0.027 0.028 ± 0.007

NoV (103=mm2) 2.02 1.06 1.27 1.45 ± 0.51

Fig. 5. SE image of detected damage sites, their initiation mechanism and distribution through the sample thickness (k ND) for the case of simple tension of the DP800 sheet

material.

Table 4

Void area fraction and number of damage sites in pure tensile samples at 12.5 % plastic engineering strain.

Sample name Tensile 1 Tensile 2 Tensile 3 mean

Void area fraction (%) 0.020 0.017 0.020 0.019 ± 0.002

NoV (103=mm2) 1.43 1.23 1.53 1.39 ± 0.16
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bution appears to be independent of the position in the microstruc-

ture along the normal direction. Similar to the case of the bending

samples and to what is described in literature, the most prevalent

damage mechanism during tension was martensite cracking

[13,21].

3.3. Combined strain path: Bending followed by tension

The combined strain path applied here featured two deforma-

tion steps: 3-point bending with the bending axis at a 45� angle

between RD and TD, followed by tension in the same direction.

This setting was chosen to limit anisotropy effects arising from

the sharp RD alignment of the martensite bands. Damage analysis

of these samples was carried out analogously to the other bent and

tensile-loaded samples. The complete surface of the samples was

analysed in a way that the sheet NDwas parallel to the vertical axis

of the panoramic image (cf. Fig. 2b) in order to include the different

deformation areas top, middle and bottom, stemming from the

bending test. The results of 2 analysed samples are given in Table 5.

Fig. 6 shows an analysed panoramic image of a bent and subse-

quently tensile-loaded sample. In contrast to the individual tensile

tests, the number of damage sites in this case was higher across the

top (tensile) area of the sample. Moving towards the compression

area, the number of damage sites decreased gradually down to a

minimum value at the bottom of the sample, associated with the

highest compressive strains during bending.

3.4. Combined strain path: Tension followed by bending

The second combined strain path represented a reversed case to

the previous strain path, i.e. samples deformed in tensile mode

were subsequently deformed in a 3-point bending test. The dam-

age analysis of these samples was carried out as described for

the other strain paths. Here, the complete surface of the sample

(again with the sheet ND being oriented parallel to the vertical axis

of the panoramic image) was once more analysed in order to

include the different deformation areas. In analogy to the previous

case, Table 6 presents a statistical analysis of the detected damage

sites arising from tensile-loading and bending.

For an easier comparison of the distributions of the number of

damage sites along the ND for the investigated loading conditions,

Fig. 7 presents all histograms described earlier in addition to the

histogram of the sample from the combined strain path

(tension ? bending). The here shown distributions of normalized

number of damage sites correlate closely with the void area frac-

tion, as given in the Supplementary Material in Fig S1.

3.5. Combined strain path: The damage behaviour in the RD-TD plane

Previous investigations on damage on the same steel were con-

ducted in the rolling plane (RD-TD plane) [21,24], rather than the

RD-ND plane, as conducted here. However, to ensure that the find-

ings from the combined strain paths are not dependent on the

selected viewing direction, an additional sample from the strain

path (bending? tension) was analysed in the rolling plane at dif-

ferent depths with respect to the ND as illustrated in Fig. 8a. One

advantage of this method is that although only damaging beha-

viour of a few stress states can be observed, the statistics of dam-

age sites per stress state obtained from several sections of the

rolling plane is much higher than what is obtained from the RD-

ND plane, because a full panoramic image can be collected from

a sample surface after every cut.

Table 5

Void area fraction and number of damage sites for combined strain path

(bending ? tension).

Viewing direction Tensile direction in 45� angle between RD and

TD

Area in the bending plane Top Middle Bottom

Void area fraction (%) 0.079 ± 0.007 0.039 ± 0.004 0.015 ± 0.001

NoV (103=mm2) 5.29 ± 0.23 2.60 ± 0.25 1.22 ± 0.13

Fig. 6. SE cross-sectional panoramic image after two-step loading in bending and subsequent tension up to 12 % of the DP800 sheet material. The detected damage sites are

indicated by squares coloured according to the underlying initiation mechanism and their distribution plotted along the sample height (k ND).

Table 6

Void area fraction and number of damage sites for combined strain path

(tension ? bending).

Viewing direction TD

Area in the bending plane Top Middle Bottom

Void area fraction (%) 0.142 0.074 0.006

NoV (103=mm2) 6.37 4.00 0.23
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The results of this analysis reveal the same trend regarding the

number of voids (cf. Fig. 7),i.e. a decreasing number of voids from

the tensile area to the compressive area (Fig. 8b). Furthermore, it

becomes apparent that the normalized number of damage sites

can be directly and quantitively compared between the RD-TD

plane (highlighted in green) and the RD-ND plane (highlighted in

blue), used for the analysis of damage on the rest of the samples.

This finding suggests that for similar conditions, a direct compar-

Fig. 7. Comparison of the damage behaviour in terms of the distribution of the number of damage sites along the ND in deformed DP800 samples deformed along different

strain paths (simple tension, simple bending, two-step loading (tensile? bending) and two-step loading (bending ? tensile). Schematic fits to the shown distributions are

included to indicate the average damage behaviour in each case (black dashed lines).

Fig. 8. Damage analysis in the RD-TD plane of a sample of combined strain path (bending ? tensile) (a) schematic illustration and analysed SEM panoramic images of the

investigated samples at different depths of the rolling plane. (b) NoV along the sample height determined in plan (green) and side view (blue as in Fig. 6) and (c) mean void

area at different positions of the rolling plane with respect to ND. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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ison with results obtained in literature from a RD-ND plane is fea-

sible. A peak in the mean individual void size around the centre

(Fig. 8c) could also be observed.

3.6. Nanoindentation

From the nanoindentation measurements, the hardness of fer-

rite, martensite and their interfacial area was determined in an

undeformed sample and for the tensile, centre and compression

area of a bent sample, as explained earlier in section 2.6. Here,

we do not set out to resolve the microstructural constituents spa-

tially but use this technique to gather a large dataset of nano-

hardness & indentation modulus values to receive a high statistical

relevance. The results are summarized in Table 7.

3.7. Finite element simulations

With the help of the finite element simulations, a distribution of

the local plastic equivalent strain in bending direction was calcu-

lated for bending and the combined strain path

(bending ? tension). Additionally, the triaxiality was determined

for every point in the sample and then plotted against the plastic

equivalent strain in bending direction to obtain the change of

stress state over deformation for the different areas of the sample.

The obtained data for the centre of the sample, the edge of the ten-

sile side and the edge of the compression side, as well as the PEEQ

distribution after bending and after the combined strain path

(bending ? tension) are shown in Fig. 9.

By considering the onset of necking in the tensile sample and

comparing it to the necking in the simulated sample, a local max-

imal PEEQ was calculated for the individual areas, which allows us

to plot the change in triaxiality up to the final deformation step. On

the tensile side, the stress triaxiality remains positive during the

complete forming process. Yet, once the loading is changed from

bending to tensile, the triaxiality decreases from 0.57 to 0.30.

The centre of the sample experiences the least amount of deforma-

tion during the bending test and hence also the smallest total

strain. However, during its small deformation during the bending

step the evaluated element experienced a negative triaxiality. As

soon as the tensile loading starts, the triaxiality turns positive

and assumes a value of approximately 0.30, just as it does on the

tensile side, but increases to a triaxiality of approximately 0.42.

The change in triaxiality is strongest for the compressive side.

Here, the sample experiences a negative triaxiality starting at �1

and increasing to �0.6 during bending deformation. Yet, as soon

as the tensile loading starts, the triaxiality becomes positive and

again becomes approximately 0.30 here as well. Generally speak-

ing, it also becomes apparent that the sample still deforms

homogenously after the bending load, as the local deformation,

represented by the PEEQ, during the tensile test is � 0.28 in all

three areas. The impression of homogenous deformation is under-

lined visually by the similar strain distribution of the combined

sample in the orange box in Fig. 9 compared to the distribution

after bending shown in the blue box.

4. Discussion

4.1. Microscopic damage behaviour under positive stress triaxiality

The microstructural parameters chosen in this study to quantify

microscopic damage in the deformed samples are the Number of

Voids (NoV) normalized to 103 voids per mm2 and the Void Area

Table 7

Hardness of different phases and the interfacial area measured by nanoindentation on

a cross-section in differently strained areas of a bent sample.

Hardness

ferrite

(GPa)

Hardness

martensite

(GPa)

Hardness

interface

(GPa)

Area 1

(undeformed)

3.47 ± 0.31 7.88 ± 0.95 4.98 ± 0.40

Area 2

(tensile area)

4.17 ± 0.32 6.89 ± 0.63 5.1 ± 0.32

Area 3

(compressive

area)

4.13 ± 0.33 6.69 ± 0.62 4.98 ± 0.32

Area 4

(centre area)

3.81 ± 0.34 7.34 ± 0.75 5.22 ± 0.44

Fig. 9. (a) PEEQ distribution after bending with highlighted plane of symmetry, (b) after combined strain path (bending ? tension) and (c) the corresponding simulated

triaxiality as a function of PEEQ in bending direction for different regions of the sample.
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Fraction (VAF) in %. Both of these parameters are simultaneously

analysed and compared to reveal differences in the nucleation

and growth of voids between different strain paths. In addition

to the global parameters NoV and VAF, local information of individ-

ual voids were also considered for an assessment of individual void

size as a function of different stress states.

There are three areas in the deformed samples exhibiting posi-

tive triaxiality: The entire tensile sample, the tensile side of the

bending sample and the centre of the sample subjected to the com-

bined strain path (bending? tension). Focusing on the local dam-

age distribution in the tensile samples, we observe that no change

in damage density is apparent when moving along the normal

direction of the sheet (cf. Fig. 5). This can be expected for uniaxial

tension, as the stress state does not change significantly over the

thickness of the sample. The homogenous distribution of positive

triaxiality in this case results in a mean VAF of 0.019 ± 0.002 %

and a NoV of 1:39 � 0:16� 103

mm2.

In contrast to the tensile tests, the bending samples show a

clear trend of decreasing NoV and VAF along ND (Fig. 4), which is

attributed to the changing stress state in this direction. The posi-

tive triaxiality of 0.57 at the edge of the tensile side (Fig. 9) leads

to a VAF of 0.028 ± 0.007 % and a NoV of 1:45 � 0:51 � 103

mm2. It

also gives rise to larger voids with a mean size of 0.195 ± 0.019 l

m2. This observation is in good agreement with the literature

[25,42]. It is important to highlight that the error given for the void

sizes in the current work has been determined by comparing the

mean void size of different samples. Because the void size distribu-

tion spans over a wide range of void sizes, an error calculated by

the standard deviation of the distribution results in a larger error

than calculating the standard deviation of the mean void size of

different samples.

The centre area (neutral fibre) in the combined strain path

(bending? tension) was virtually only subjected to positive triax-

iality, because the initial bending deformation induces only a min-

imal amount of strain (�0.02, cf. Fig. 9). This gave rise to slightly

higher NoV of 2:60 � 0:25� 103

mm2and VAF of 0.039 ± 0.004 %, since

the centre region was also affected by the stress-state in the tensile

region that facilitated damage nucleation and growth. Additionally,

it was observed that the neutral fibre shifted towards the compres-

sion zone by � 60 lm (Fig. 9).

4.2. Microscopic damage behaviour under negative stress triaxiality

Negative triaxialities are generally not known to contribute

with void nucleation or void growth. According to Bao and Wierz-

bicki [43], a triaxiality lower than �1/3 will not even lead to frac-

ture of the sample, as there is no damage accumulation taking

place. This trend can indeed be observed in the compressive region

of the bending samples. It is shown that the NoV declines and stays

roughly constant once the middle of the sample is reached and

only compressive stresses are present. The only exception for this

is the edge of the sample, which shows a strong increase in number

of damage sites. However, this increase is related to surface arte-

facts introduced to the sample surface during the grinding step

and is not related to damage formation. Still, it is important to dis-

tinguish between two areas with compressive stresses: (i) the area

near the centre and (ii) the area near the edge of the compressive

side. Although neither of these areas show significant damage

nucleation or growth, the latter experienced more deformation

than the centre area of the bending sample. The different amount

of stress experienced by these two areas can be seen in Fig. 9. This

is suggested to have an impact on the mechanical properties of the

material due to strain hardening. As larger deformation leads to

more strain hardening, the microstructure in the compression zone

is believed to experience larger strain hardening than the counter-

part area around the centre. This was corroborated via nanoinden-

tation. The trend which the results show, increasing from a

hardness of 3.81 ± 0.34 GPa in the ferrite matrix in the centre of

the sample, to a hardness of 4.13 ± 0.33 GPa in the deformed ferrite

in the compression zone, meets the expectations for strain

hardening.

4.3. Microscopic damage behaviour after two-step deformation

4.3.1. Negative triaxiality + positive triaxiality

Damage evolution after a strain path change is more complex

than damage evolution under simple strain paths. The difference

between the effects on the damage distribution in the samples,

can be observed in the combined strain paths. Here, a deformation

with a negative triaxiality followed by a deformation with a posi-

tive triaxiality can be found in the compression zone of the sample

of complex strain path (bending? tension). As established above,

deformation with negative triaxiality does not induce damage in

the form of void formation. Hence the NoV and VAF after the com-

plete strain path are expected to be equal or lower than in the ten-

sile tests. This expectation is met as this area assumed a NoV of

1:22 � 0:13� 103

mm2 and a VAF of 0.015 ± 0.001 %, which indicates

less damage than in the tensile samples. This is visualized in

Fig. 10. Through a loading with negative triaxiality before the ten-

sile test, the VAF could be reduced by 21 % and the NoV by 12 % in

comparison to the simple tensile test.

The lower amount of damage in the compression area of the

bending ? tension combined specimen is attributed to a strain

hardening effect. It is already established that damage formation

in DP steels originates from the heterogenous plastic deformation

of martensite and ferrite, as the ferrite is softer and more ductile

than the martensite as shown in Table 7. Yet, as was shown with

the help of nanoindentation, the ferrite phase experiences strain

hardening during plastic deformation. In compression, this pro-

ceeds in the absence of void formation, and thereby only the

mechanical contrast, in particular the difference of nano-

hardness, between the two phases is reduced. In this regard, Tian

et al. [33] reported that the strain hardening behaviour and hard-

ness of the ferrite phase are important to understanding the dam-

age formation in dual-phase steels, as microstructures with a less

pronounced mechanical contrast show reduced damage formation

compared to those with a high mechanical contrast. This agrees

fairly well with the observed strain hardening of ferrite and the

exponential decrease of damage sites when moving from the neu-

tral fibre towards the compression zone (cf. Fig. 6).

Furthermore, by comparing the mean void size from the centre

area of a sample of combined strain path (bending ? tension) (0.

149 ± 0.001 lm2) with the mean void size in the compression zone

of the same sample (0.130 ± 0.005 lm2), it can be observed that the

growth of voids in the deformed microstructure is less pronounced

relative to what was seen as they do in the undeformed

microstructure. This also agrees well with the aforementioned

hypothesis that strain hardening hinders not only the nucleation

of new voids but also the growth of existing ones.

Even on a macroscopic scale, compression prior to tension leads

to larger fracture strains, which has already been macroscopically

observed by other researchers [29,44]. By combining a statistical

damage and indentation analysis we can show directly, that

through prior plastic deformation with a negative triaxiality,

potential damage formation during following forming steps can

be decreased. Linking the important result of a higher fracture

strain of the material revealed through macroscopic

compression-tension tests, to the reduced damage formation

observed in this work, the larger fracture strains can be explained

by the reduced damage prevalence.
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4.3.2. Positive triaxiality + positive triaxiality

The tensile side of the sample of the combined strain path

(bending ? tension) experienced positive triaxialities in both

deformation steps. During bending a triaxiality of 0.57 persisted

until a maximum PEEQ of 0.38 at the outer edge of the tensile side,

which was then reduced to 0.30 during subsequent tension up to a

total maximum strain of 0.67. This led to larger damage parame-

ters, i.e. NoV of 5.29 ± 0.23 103=mm2 and a VAF of 0.079 ± 0.007

%, as compared to the previous case of the compression side.

Because the total imposed strain was larger in this combined sam-

ple than in the individual tensile and bending tests, larger NoV and

VAF values are reasonable. This trend is in good agreement with an

earlier work by Kusche et al. who carried out a systematic investi-

gation of the influence of strain and triaxiality on the evolution of

deformation-induced damage in DP800 [25]. They concluded that

on a global level, the applied plastic strain has a sizeable influence

on the nucleation of new voids, while the stress triaxiality is the

most important factor related to the extent of void growth, even

where locally in a dual phase microstructure the plastic strain

and triaxiality may vary considerably. This was indeed observed

in the current experiments as well.

Considering the estimated mean void size of 0.150 ± 0.020 lm2

on the tensile side of the combined strain path

(bending ? tension), it can be concluded that void growth is not

the main reason for the increase of the VAF at this point of the

strain path combination. In fact, after the second deformation step

in tension, the mean void size in the tensile area of the bending

sample decreases. This behaviour can only result from a high void

nucleation rate and limited growth, since void closure is not

expected for positive triaxialities. In this regard, limited void

growth can be explained by the decrease in triaxiality

(0.57 ? 0.30) during tension, rendering void nucleation the pri-

mary driver for the increase of the VAF. Another aspect for limited

void growth is that in the second step of tension, the principle

loading direction is rotated by 90�. This means that microstructural

sites, which were not prone to void formation in the first loading

direction can facilitate void nucleation in a different loading direc-

tion. As a result, nucleation of new voids may becomemore favour-

able than growth of pre-existing voids in a strain hardened ferrite

matrix.

The second possibility to impose two positive triaxialities con-

sidered in this work is a bending test conducted subsequently to

a tensile deformation. In this case, the same trend of exponential

damage increase was evident in terms of a NoV of 6:37� 103

mm2a

VAF of 0.142 % and a mean void size of 0.220 lm2 for this sample.

However, it is important to bear in mind that the quantified dam-

age in this case cannot be directly compared to the previous case of

bending ? tension. This is because (i) the strain levels during

bending in the combined strain path bending? tension are higher

than in the combined strain path tension? bending, (ii) the stress-

state varies in the two bending cases due to different sample

geometries, and (iii) the loading direction was not changed in the

combined strain path tension ? bending. Despite these differ-

ences, the results again show a clear trend of a strong increase in

both damage number and area when combining two strain paths

with positive triaxiality. By comparing the mean void sizes, it

becomes clear that the void size is larger for the strain path

(tension? bending). This can be explained by the fact that in con-

trast to the strain path (bending? tension), the deformation mode

with a higher triaxiality was carried out last and the loading direc-

tion was not changed, rendering void growth more favourable.

Even if the influence of the sample geometry is unclear in this

case, we therefore suggest that a change in loading direction dur-

ing forming may be favourable for reducing damage, since as

shown here all damage parameters were lower for a sample with

a change of loading direction, even though it experienced a higher

amount of strain. In Fig. 11, the microstructures and evolution of

damage parameters are shown for both strain paths in a direct

comparison.

4.3.3. Positive triaxiality + negative triaxiality

The compression side of the combined strain path

(tension ? bending) represents the case, where deformation pro-

ceeded under positive triaxiality in the tensile test and was then

changed to negative triaxiality during subsequent bending. In con-

trast to all other combinations discussed so far, this combination is

the only one that actually reduces the damage parameters through

further deformation. The VAF of 0.019 ± 0.002 % and NoV of

1:39 � 0:16� 103

mm2 measured in the tensile test samples are

reduced to 0.006 % and 0:23� 103

mm2 respectively in this case. Because

the sample experiences compressive stresses on this side, voids,

nucleated during tension, abate, thereby decreasing the VAF. To

visualize the effect of compressive stresses on the shape and size

of voids, bending of the combined strain path

(tension? bending) was performed in a quasi in-situ experiment.

Fig. 10. Comparison of the microstructure and damage parameters between the centre area of a tensile sample and the compression area of a sample from combined strain

path (bending ? tension). The decrease of damage in the latter reveals the positive role loading with negative triaxiality in a two-step process.
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Fig. 12 shows the microstructure in the compression zone of a

sample of the combined strain path (tension ? bending) before

and after the bending step. Three different voids are highlighted

by differently coloured boxes showing that the plastic deformation

can lead to a change of void shape, a reduction of void area and

even to void closure.

Presumably, the area of the void undergoing void closure is

decreased to the extent that it cannot be reliably detected by

SEM any longer, when using the here applied resolution, and hence

the NoV is also decreased in this area. This behaviour is also evi-

dent in terms of the in the mean individual void area of

0.110 lm2 in this region, which is slightly smaller than its counter-

part in the tensile tests. The total decrease of microstructural dam-

age sites under further deformation with negative triaxiality is

visualized in Fig. 13, where a microstructure and the damage

parameters after tensile deformation are shown next to the

microstructure and damage parameters in the compression side

of the combined strain path (tension? bending). The presumption

that voids are becoming too small to detect instead of a complete

healing, suggests that the NoV is possibly underestimated in this

region. Whether or not a healing of damage sites is likely in this

process is not clear, though it has been observed and modelled

for forging and rolling processes [45–47]. These works report that

this phenomenon is possible at elevated temperatures and/or large

strains. It is therefore uncertain if the attained strains in the cur-

rent deformation experiment were large enough to trigger healing

of damage sites. Hence it is possible that the negative influence of

damage sites on the mechanical properties is still present, even if

they were no longer detected in the SEM.

4.4. Influence of strain path on damage formation

As discussed in section 4.3.1 and shown in Fig. 10 we argued

that a strain hardened microstructure can inhibit void nucleation

and growth, and thereby reduces damage formation. This means

that a material can undergo the same deformation process (e.g.

uniaxial tension) but accumulates less damage sites, if it was pri-

orly deformed under negative triaxiality in a different direction,

as shown in Fig. 14 with the values from Table 4 and Table 5. Such

samples are hence expected to have a better mechanical response,

for example in the case of crashworthiness or longevity during cyc-

lic loading. Another strain path-related aspect influencing damage

formation is the loading direction, which can be changed in the

course of combined deformation steps. Comparing both complex

strain paths investigated here, suggested that a change of direction

is favourable for inhibiting damage in the microstructure.

Additionally, the damage parameters of the top and bottom

areas from the combined strain path (bending ? tension), which

experienced different stress states, i.e. positive + positive triaxiality

in the tensile zone and negative + positive triaxiality in the com-

Fig. 11. Microstructure and damage parameters of top area of a bending sample, top area of the sample from the combined strain path (bending ? tension), top area of a

tensile test sample and the top area of combined sample from the combined strain path (tension? bending) visualizing the damage evolution for both combined strain paths.
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pressive zone, show that pre-existing damage also influences the

further damage formation. This is established by comparing the

number of newly nucleated voids in the compression area to that

in the tensile area. Both the tensile and compressive area show

the same amount of strain and also show the same amount of

strain hardening after bending evident by the measured ferrite

hardness (4.13 ± 0.33 GPa in the compression zone and

4.17 ± 0.32 GPa in the tensile zone). Accordingly, the nucleation

rate of voids should decrease equally, leading to an equal number

of newly nucleated voids in both areas. But, after the following ten-

sile deformation the opposite trend is observed, i.e. the NoV in the

compression area increases by � 0.4 x 103 voids per mm2 and in

the tensile area by � 3.8 x 103 voids per mm2. This demonstrates

that damage nucleation is more pronounced in the tensile area of

the sample, where more voids were already present. Such drastic

increase in the number of damage sites has also been observed

by Kusche et al. [25]. Fig. 15 shows this trend by depicting the

NoV as a function of plastic equivalent strain, as was published

in [25]. Based on Table 5, Fig. 15 also features the determined

NoV of the of the tensile and compression area at a plastic strain

of 0.125, highlighted as blue and orange triangles respectively. At

a similar strain the NoV determined in [25] showed a value of

� 2:5� 103

mm2, which lies between the NoV values determined in

the current work. Additionally, a qualitative trend of the NoV over

plastic strain in tensile direction, expected for a tensile test, is

given as dashed lines for both samples. This comparison suggests

that the damage evolution curve can be manipulated (shifted along

the y-axis) depending on the imposed strain path. By extending the

conducted tests to include the effect of different pre-tensile strains

Fig. 12. In-situ observation of a, through tensile deformation pre-damaged, microstructure in the compression zone of a bending test. Three voids are highlighted as an

example for the different observed effects on damage sites during compression. Green shows a void undergoing void closure, orange shows a void undergoing a change of

shape and blue shows a void that is mainly reduced in area. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

Fig. 13. Microstructure and damage parameters of bottom area of a tensile test sample and the bottom area of combined sample from strain (tension? bending) visualizing

the void closure and damage decrease.
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and bending strains on subsequent two-step deformation the shift

of this curve could be evaluated in more detail. By considering the

effects of different directional changes, as well as featuring in-situ

observations, the understanding of the mechanisms behind indi-

vidual void growth in complex loading scenarios can be under-

stood to a larger extent. It is also of interest whether voids that

opened during a positive triaxiality and shrink during forming with

a negative triaxiality, as in the compression area of the complex

strain path (tension ? bending), can actually be healed. Finally,

determining the effect of void number and void area reduction

on the mechanical properties of the material, for example on the

crashworthiness, would finalise how important the damage reduc-

tion is for the application of the material.

5. Conclusions

We studied the formation and growth of microstructural dam-

age sites in DP800 steel subjected to different strain paths compris-

ing simple tension, simple bending and more complex cases of

Fig. 14. Change of void area fraction with strain in tensile direction for the tensile test and the combined strain path (tension? bending) in a). The complete strain path in

both directions is shown for both samples in b).

Fig. 15. Number of voids as a function of tensile strain in reproduced from Ref. [25]. The triangles correspond to data points from the current work measured in the tension

and compression areas of the bent and tensile loaded sample. The corresponding dashed curves represent the expected exponential trend of damage increase in these regions

with progressing tensile deformation.
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two-step loading in tension followed by bending or in bending fol-

lowed by tension. For damage analysis, high-resolution SEM imag-

ing was used in combination with an automated void analysis

algorithm. This was complemented by nanoindentation mappings

and FE simulations. The results showed that the interaction of

combined strain paths featuring different stress states plays an

important role in the global damage formation, which can also lead

to strong local damage gradients in the deformed microstructures.

The main conclusions are summarized as follows:

� When deformation first proceeds under a negative stress triax-

iality and then, due to a strain path change, under positive tri-

axiality, damage formation is reduced owing to a favourable

effect of strain hardening on inhibiting void nucleation and

growth.

� When deformation proceeds under positive triaxiality during

the first and the second strain path, damage formation is pro-

moted, despite strain hardening, because the number of voids

is already high after the first strain path.

� Changing the loading direction between the first and second

strain path decreases the rate of damage formation, as com-

pared to a fixed loading direction during both strain paths.

� In strain paths where deformation under positive triaxiality is

followed by deformation under negative triaxiality, the damage

parameters represented by the number and area of voids show

a decrease that is likely related to a reduction of ductile damage

by void closure due to negative hydrostatic pressure.

� Out of the different strain path combinations explored in this

study, forming at a negative stress triaxiality prior to subse-

quent steps at a positive triaxiality in combination with a

change in loading direction is a good strategy to decrease duc-

tile damage.
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 A B S T R A C T

Forming-induced damage strongly influences the service life and mechanical properties of components made 
from 16MnCrS5 steel. This damage is initiated in the vicinity of MnS inclusions, which fracture or delaminate 
at their interfaces due to the mechanical contrast to the steel matrix. Forming processes are often conducted at 
elevated temperatures; however, the plasticity of MnS at these temperatures in correlation with crystallographic 
orientation have not been fully explored. In this study, we aim to uncover the high-temperature properties of 
MnS using micropillar compression and TEM analysis. We then relate them to damage prevalence observed 
in steel at elevated temperatures with high resolution SEM imaging in combination with AI-assisted damage 
analysis. We demonstrate that the mechanical contrast of MnS and steel influences the damage prevalence 
significantly showing a minimum at 400 ◦C. We additionally determine the CRSS for the primary {1 1 0}⟨1 1 0⟩
slip system in the temperature range from 20 ◦C to 600 ◦C and the CRSS for the secondary {1 1 1}⟨1 1 0⟩ slip 
system at temperatures of 400 ◦C and 600 ◦C. We show that MnS exhibits a yield strength anomaly at 400 ◦C in 
specific orientations and at slow loading rates that is accompanied by a change of the active slip system. We 
relate this yield strength anomaly to thermally activated cross-slip and increased impurity mobility at elevated 
temperatures.

1. Introduction

Despite centuries of optimisation, modern steel research contin-
ues to seek performance improvements. In particular the urgency of 
anthropogenic climate change has become a new driving force to 
pursue materials and methods with longer service life times and less 
environmental impactful pollution. This is a substantial challenge, as 
metal production, particularly steel manufacturing, plays a sizeable role 
regarding greenhouse gas emissions [1,2]. Proposed solutions include 
carbon capture and hydrogen strategies [3,4]; however, their appli-
cation is unlikely to be widespread in the near future, so there is an 
additional need to reduce the number of components and material us-
age in order to lessen the environmental impact. Consequently, the steel 
industry also makes efforts to focus on minimising emissions and en-
ergy consumption by extending service life and promoting lightweight 
design [5,6].

One effective approach to achieve both of these goals simulta-
neously, is the control of deformation-induced damage [7–10]. This 

∗ Corresponding author.
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study focuses on micrometre-sized voids, which nucleate during form-
ing processes due to contrasting mechanical properties of constituent 
phases [11–13] and negatively impact mechanical properties, poten-
tially leading to premature component failure [14–16]. Reducing the 
number and size of these damage sites can enhance the performance 
of final components [17,18]. This also holds for the case-hardening 
steel 16MnCrS5 investigated in this work, where most damage sites 
during forming are caused in the vicinity of manganese sulphide (MnS) 
inclusions [19,20].

�-MnS, which is the stable polymorph of MnS with the rocksalt crys-
tal structure [21], is known to be able to deform plastically, although 
it is prone to fracture as inclusions in steels [22,23]. In these cases, its 
plastic deformation is mostly attributed to dislocation slip on its main 
slip system {1 1 0}⟨1 1 0⟩, although the {1 0 0}⟨1 1 0⟩ and {1 1 1}⟨1 1 0⟩
slip systems have also been reported as secondary slip systems and 
synchroshear-induced twins have been reported as an additional mech-
anism of plastic behaviour at temperatures above 800 ◦C [24]. The 
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Table 1
Chemical composition of 16MnCrS5 case-hardening steel in wt. %.
 Material No. US-Standard C Si Mn S (max) Cr  
 1.7139 AlSl 5115 0.14–0.19 0.4 1.0–1.3 0.02–0.04 0.8–1.1 

hardness of ionic crystals with the rocksalt crystal structure as a func-
tion of temperature and loading rate is known to be influenced by 
cross-slip and impurity content [25–27]. The micro-mechanical prop-
erties in relation to the active slip system of MnS have been studied 
at ambient temperatures, but their relevance for forming processes at 
elevated temperatures remains unexplored. This represents a signifi-
cant knowledge gap, as ambient conditions do not always apply to 
forming operations, either because the sample is heated up during hot 
forming [28], or experiences a temperature increase due to friction in 
processes like extrusion [29]. The mechanical properties of inclusions 
and the surrounding steel matrix may not necessarily change uniformly 
with temperature, as is the case with MnS in steel [30], yet they are 
essential for understanding temperature-dependent damage behaviour 
and performing accurate damage simulations. Assuming that damage 
nucleation is largely governed by this mechanical contrast [31,32], we 
anticipate a shift in damage prevalence with temperature in 16MnCrS5 
steel.

Previous work on the mechanical behaviour of MnS as a function 
of temperature has primarily focused either on polycrystalline MnS 
bulk samples or single crystals oriented along [1 0 0], often conduct-
ing tests at large scales unrelated to the size of inclusions present 
in case-hardening steel [25,33–35]. Furthermore, it remains unclear 
how the change of plasticity in MnS in turn influences the dam-
age prevalence, as damage was not considered in these works. This 
study aims to fill that gap by systematically examining the plastic-
ity of MnS in relation to its crystallographic orientation and at a 
scale relevant for damage initiation in steels. In addition, we will 
correlate the determined mechanical properties of MnS with those of 
16MnCrS5 case-hardening steel to explain the observed temperature-
dependent damage prevalence based on variations in critical stresses 
and mechanical contrast. For this purpose, we start with interrupted 
tensile tests of 16MnCrS5 steel at elevated temperatures to induce mi-
crostructural damage and determine the yield strength. Subsequently, 
we conduct SEM panoramic imaging and deploy a machine-learning 
algorithm to assess damage prevalence. This workflow and the trained 
machine learning algorithm have previously been successfully applied 
to the same material at ambient temperatures [19]. To determine the 
active slip systems of MnS, their interactions, and critical resolved 
shear stresses at elevated temperatures and different rates, we perform 
micropillar compression experiments and TEM analyses on specially 
prepared coarse-grained MnS samples. By integrating all obtained re-
sults, we can trace changes of mechanical contrast over temperature to 
explain the observed variations in damage prevalence.

2. Materials and methods

2.1. Case-hardening 16MnCrS5 steel

The analysis of damage prevalence at elevated temperatures, in 
terms of void number density and void size, was conducted on a case-
hardening 16MnCrS5 steel with the chemical composition given in 
Table  1.

It exhibits a ferritic-pearlitic microstructure in which elongated MnS 
inclusions are embedded. These MnS inclusions can reach lengths of 
several tens of micrometres but typically have diameters of up to 2 μm, 
as detailed in Figs.  1 and 4. All experiments were performed on the 
as-received state of the material, meaning no additional forming steps 
were conducted and the steel is not case-hardened.

2.2. Damage quantification

Damage quantification was conducted on dog-bone shaped tensile 
test samples, machined from the as-received 16MnCrS5 steel billet. 
The samples were first separated using water jet cutting and then 
milled to their final geometry. The orientation of MnS stringers in these 
samples was consistently parallel to the stress direction of the tensile 
test. Once machined, the samples were mounted in a dilatometer (DIL 
805A/D/T, TA instruments, Inc.) equipped with a tensile test module 
for interrupted tensile testing. A total of four samples were heated to 
respective temperatures of 20 ◦C (ambient temperature), 200 ◦C, 400 ◦C

and 600 ◦C and then deformed to an approximate length change of 
1500 μm to facilitate damage site nucleation in the microstructure. 
After deformation, the sample was metallographically prepared by 
grinding with SiC sandpaper and mechanical polishing with water-
based diamond suspensions up to 1 μm. In a final step, the sample 
surface was polished once more with a 0.25 μm oxide polishing solution 
(OPS) to further improve the surface quality. Once the surface was 
flat and free of scratches, the sample was mounted in the Scanning 
electron microsope (SEM) chamber (LEO 1530, Carl Zeiss Microscopy 
GmbH, Oberkochen, Germany) for secondary electron (SE) panoramic 
imaging of the sample’s centre. During panoramic imaging, multiple 
images with a lateral resolution of 32 nm∕px (horizontal field width of 
100 μm and 3072 px) were captured and subsequently stitched together 
using the Image Composite Editor software (Microsoft Corporation, 
Redmond, Washington), to create a seamless panoramic image span-
ning an area of roughly 0.6mm2. The large panoramic image was then 
analysed with a machine learning algorithm further described in [19], 
which identifies the MnS inclusions in the microstructure and classifies 
damage sites related to the inclusions. The complete process, from 
tensile deformation to damage analysis is described in Fig.  1.

The output of the machine learning assisted damage analysis allows 
to calculate the Void Area Fraction (VAF) as well as the Mean number 
of Damage sites per Inclusion (MDI), which are the metrics that will be 
used to assess damage prevalence, to remain consistent with previous 
work [19].

2.3. MnS bulk sample

Because the size of the MnS inclusions found in the steel samples 
is too small to perform systematic micromechanical tests, a bulk MnS 
sample was fabricated from MnS powder (99.9% purity, ThermoFisher, 
Kandel, Germany). For this purpose, a crucible made of magnesium 
oxide (MgO) was filled halfway with MnS powder and heated using an 
inductive heating source until reaching approximately 1650 ◦C, close to 
the melting point of MnS [36]. After a short holding time of 15min the 
sample was air cooled, resulting in a bulk MnS sample. This process is 
also shown in Fig.  2.

After cooling, the sample was adhered to the crucible walls, making 
separation impossible. The crucible and sample were therefore cut 
with a diamond saw to create a plane surface, which was prepared 
similarly to the steel samples, but with longer polishing times. Once 
the surface was flat and scratch-free the samples were mounted in 
the SEM (LEO 1530 from Carl Zeiss Microscopy GmbH) chamber for 
imaging. The larger grains of the bulk MnS sample are shown in the SE 
micrograph in Fig.  2, enabling multiple micromechanical tests across 
various orientations and temperatures. In addition to a substantial 
matrix phase, a second darker phase and several grain boundaries with 
different contrasts were observed. Energy-dispersive X-ray spectroscopy 
(EDS) (see Fig.  2) revealed that these correspond to MgO inclusions and 
an magnesium/oxygen enrichment at the grain boundaries.
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Fig. 1. Workflow and results of damage analysis in 16MnCrS5 case-hardening steel in the temperature range from 20 ◦C to 600 ◦C.

Fig. 2. (a) Fabrication of MnS bulk sample from MnS powder using inductive heating. (b) SE image of the polished surface showing the grain structure and inclusions from the 
bulk sample. The blue inset corresponds to the area where an EDS measurement was conducted as shown in (c). (d) Chemical composition of the phases detected in the EDS map. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2.4. Micropillar compression

To determine the active slip systems of MnS at different temper-
atures and their respective Critical Resolved Shear Stresses (CRSS), 
we chose three grains with different orientations located near the 
edges of the standard stereographic triangle. Corresponding EBSD maps 
represented in terms of inverse pole figure (IPF) colouring are shown 
in Fig.  3.

Micropillars were fabricated in all three grains using a focused ion 
beam with a gallium ion source in a Dual-Beam FIB (Helios NanoLab 
600i from FEI Inc.). Rough milling was carried out first with an initial 

beam current of 9.3 nA, followed by successive milling steps using lower 
beam currents before proceeding into the final step at a low current 
of 80 pA. The pillars were designed to have dimensions of 4 μm in 
height and 1.8 μm in diameter; however, the actual measurements were 
used for subsequent calculations. To ascertain these dimensions and to 
ensure that each micropillar was single-crystalline and free of grain 
boundaries or defects, we imaged them from the top and four side 
angles using SEM prior to compression testing. Grain boundaries in the 
sample exhibited strong contrast under SEM, enabling their detection. 
Only micropillars without visible grain boundaries or defects were 
selected for mechanical measurements. Pillars were found to have a 
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Fig. 3. Selected areas of the EBSD-IPF maps for the three grains in the bulk MnS sample chosen for micropillar compression: near [1 1 1] orientation in (a), near [1 1 0] orientation 
in (b), and near [1 0 0] orientation in (c). Complete maps for all grains are given in the top left corner insets. Pillar dimensions relative to the grain size are presented as grey 
circles in the EBSD maps. The grain orientations relative to the pillar geometry are visualised by cubic unit cells.  (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

taper in the range of 2◦ to 4◦, which was shown to have a negligible 
effect on the plastic behaviour [37]. Once all pillars were imaged 
the sample was mounted in an in-situ nanoindentation device (inSEM 
from Nanomechanics Inc.) equipped with a high temperature load head 
which was then placed within the chamber of a SEM (Clara from Tes-
can) to prepare for the compression testing. The sample and indenter 
tip were heated successively from 20 ◦C to 200 ◦C, 400 ◦C and 600 ◦C to 
align with the temperatures used for damage analysis (Section 2.2). At 
each temperature setting, pillars from all orientations were compressed 
at a constant loading rate of 0.02mN s−1 before the temperature was 
increased again, while ensuring that each individual pillar was only 
loaded at one temperature. In the orientation near [1 1 0] a second set of 
pillars was tested at a higher loading rate of 0.2mN s−1 at temperatures 
from 20◦ to 400◦ and a third set of pillars was tested at an even higher 
loading rate of 1mN s−1 at temperatures of 20 ◦C and 400 ◦C. Prior 
to testing, it was ensured that both the tip and sample temperatures 
matched closely to minimise any thermal expansion effects on the 
force–displacement curve. In total, 64 micropillars were milled and 
compressed throughout this work.

After compression, the pillars were imaged once more from the 
same angles as prior to deformation. Here, the slip traces on the surface 
of the pillar were of particular interest, as they provide insight into 
the active slip systems. These traces were compared to slip steps on 
simulated pillars to determine the active slip system. The workflow of 
this procedure has been shown before by Heller and Gibson [38,39] 
and is expanded upon in more detail in the Supplementary Materials.

After determining the active slip system, the force–displacement 
data from the micropillar compression tests was converted into en-
gineering stress and strain data using the height and top diameter 
measurements taken before deformation. The data was evaluated at 1% 
and 5% plastic strain. The exact workflow of determining the stress 
is further expanded upon in the Supplementary Materials. The Schmid 
factor and the determined yield stress of the micropillar at 1% plastic 
strain were then utilised to calculate the CRSS for each individual 
slip system using Schmid’s law. The analysis of active slip systems 
along with the calculation of the CRSS was conducted for every pillar 
exhibiting a clear slip step.

2.5. TEM analysis

Even though most micropillars showed a clear slip step that could 
be assigned to one slip system, some pillars showed a more ambiguous 
behaviour. To confirm the active slip plane for these cases, Transmis-
sion Electron Microscopy (TEM) analyses were conducted on one pillar 
with a near [1 1 0] orientation. The TEM lamella was extracted such that 
the suspected slip planes (0 1 1) and (1 1 1) could be viewed edge-on by 
tilting of the lamella within the TEM. The lamella was prepared using 
a ZEISS Crossbeam 350 FIB/SEM (Carl Zeiss Microscopy GmbH) and 
analysed with (scanning) transmission electron microscopes ((S)TEM) 
Tecnai F20 (FEI Company) equipped with a STEM bright field/annular 
dark field (BF/ADF) detector and a Veleta S04F camera (EMSIS GmbH) 
at 200 kV. Furthermore, high resolution TEM (HRTEM) analysis of 
the MnS micropillar in a ⟨1 1 0⟩ zone axis was performed at 200 kV 
with a JEOL JEM-F200 TEM (Jeol Ltd., Japan) equipped with a Gatan 
OneView (Gatan Inc., Pleasanton, CA, USA) CMOS camera.

3. Results

3.1. Tensile tests at ambient and elevated temperatures

The main outcome of the characterisation work carried out on the 
tensile samples strained at elevated temperatures is the damage quan-
tification via the parameters AVF and MDI for each test temperature, 
as shown in the lower part of Fig.  1. Both damage parameters show 
a similar trend, with their maximum value at 20 ◦C followed by a 
decrease until 400 ◦C. At 400 ◦C both parameters attain a minimum 
before increasing again from 400 ◦C to 600 ◦C. In addition to these 
quantitative measures, detailed images of individual damage sites were 
also captured to evaluate the damage nucleation mechanisms. In Fig.  4 
a selection of examples depicting damage sites and MnS inclusions for 
each temperature are presented.

Although the extent of damage varies with temperature, the size 
and shape of MnS inclusions remain unchanged, consistently exhibiting 
their characteristic stringer form. Furthermore, the observed damage 
mechanisms remain unchanged across temperatures of 20 ◦C, 200 ◦C
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Fig. 4. Selected areas of damage sites from the panoramic images taken at 20 ◦C, 200 ◦C, 400 ◦C and 600 ◦C with MnS inclusions outlined in purple. Insets show different features 
of the damage types associated with these inclusions. The colour of the arrows indicates the initiation mechanisms: Orange for MnS cracking, red for interface delamination, and 
yellow for damage sites not linked to MnS inclusions.  (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Flow stress at 1% strain of 16MnCrS5 case-hardening steel at different temperatures.
 Temperature 20 ◦C 200 ◦C 400 ◦C 600 ◦C 
 1% flow stress (MPa) 430 357 347 214  

and 400 ◦C. However, at 600 ◦C an exception arises, as voids addi-
tionally initiate outside the vicinity of MnS inclusions (highlighted in 
yellow in Fig.  4), revealing an additional unidentified damage initiation 
mechanism. Damage sites belonging to this mechanism are significantly 
fewer in number compared to those related to MnS inclusions and 
are not considered for the calculation of AVF or MDI parameters in 
this work. In addition to the microstructural data, the mechanical data 
from the tensile tests were evaluated at a flow stress of 1% strain for 
each temperature. These flow stresses are summarised in Table  2 and 
indicate a non-linear decrease with rising test temperature.

3.2. Micropillar compression experiments

The engineering stress–strain curves, distinguished by orientation, 
temperature, and loading rate and with highlighted stresses at 1% and 
5% plastic strain are shown in Fig.  5 up to a strain of 25%. It is apparent 
that the stress–strain curves differ substantially with both orientation, 
temperature and loading rate. At comparable loading rates maximum 
stresses are observed for the near [1 1 1] orientation, while the near 
[1 0 0] orientation was found to generally exhibit the lowest stress 
levels. The flow stress was also observed to decrease with increasing 
temperature across all orientations, except for micropillars oriented 
near [1 1 0] and [1 1 1] compressed at 400 ◦C, where an increase in stress 
is noted compared to 200 ◦C at low loading rates. For the near [1 0 0]
orientation, no clear trend regarding the effect of temperature on the 
flow stress can be discerned from the stress–strain curves alone.

Complementary to the mechanical data, the active slip systems 
for each micropillar were determined and are summarised in table 
Table  3. In total, two different slip systems were observed to be 
activated across all temperatures and orientations; i.e. {1 1 0}⟨1 1 0⟩ and 
{1 1 1}⟨1 1 0⟩. At lower temperatures (20 ◦C to 200 ◦C), the {1 1 0} slip 
system is active in all three orientations at all loading rates. Starting 
from 400 ◦C, a transition to the {1 1 1} slip plane is observed for the 
deformed micropillars oriented near [1 1 0] (Fig.  6a). This change of slip 
system is only observed at the lowest loading rate of 0.02mN s−1 and 

Table 3
Summary of activated slip planes for each orientation, temperature and loading rate. 
The slip directions remains consistent for all orientations and directions as ⟨1 1 0⟩.
 Orientation 20 ◦C 200 ◦C 400 ◦C 600 ◦C Loading rate 
 Near [1 0 0] {1 1 0} {1 1 0} {1 1 0} {1 1 0} 0.02mN s−1  
 Near [1 1 0] {1 1 0} {1 1 0} {1 1 1} {1 1 1} 0.02mN s−1  
 Near [1 1 0] {1 1 0} {1 1 0} {1 1 0} – 0.2mN s−1  
 Near [1 1 0] {1 1 0} – {1 1 0} – 1mN s−1  
 Near [1 1 1] {1 1 0} {1 1 0} {1 1 1} Uncertain 0.02mN s−1  

at higher loading rates the {1 1 0} slip system remains active even at 
400 ◦C. For micropillars with a near [1 0 0] orientation, the {1 1 0} slip 
system persists through the entire temperature range even at the lowest 
loading rate. However, at high temperatures of 600 ◦C, determining the 
active slip system becomes more challenging, as clear slip steps can 
no longer be observed. Many pillars that exhibit the {1 1 0} slip system 
also show signs of double slip on a second {1 1 0} slip system with an 
identical Schmid factor as shown in Fig.  6(b). Additionally, for this 
orientation, another change of slip system is observed from 400 ◦C to 
600 ◦C. At this temperature, however, the slip system does not change 
to the {1 1 1} system; instead, it shifts to a different {1 1 0} slip system 
with a lower Schmid factor (Fig.  6(c)).

By multiplying the Schmid factor acquired from determining the 
active slip systems with the corresponding stress at 1% plastic strain, 
the CRSS values were calculated for each orientation (cf. tables Table 
6, Tables  5 and 4). Table  7 combines these values for all orientations 
at a loading rate of 0.02mN s−1, distinguishing them only by active slip 
system.
Near [1 0 0] orientation: For this orientation, the {1 1 0} slip system 
is observed at all temperatures, exhibiting a trend of decreasing CRSS 
with increasing temperature (Table  4). The only exception occurs at 
400 ◦C, where the CRSS appears to increase.
Near [1 1 0] orientation: For this case at a loading rate of 0.02mN s−1, 
the {1 1 0} slip system is activated at both 20 ◦C and 200 ◦C with obvious 
decrease in the CRSS at 200 ◦C (Table  5). At 400 ◦C and 600 ◦C, however, 
the {1 1 1} slip system becomes active, demonstrating a higher CRSS. 
At 400 ◦C, the respective CRSS is almost twice as high as that of the 
{1 1 0} slip system at 200 ◦C. Similar to the behaviour of the {1 1 0}
slip system, the CRSS of the {1 1 1} slip system also decreases with 
increasing temperature from 400 ◦C to 600 ◦C. At faster loading rates 
the {1 1 0} slip system remains as the active slip system throughout the 

Acta Materialia 291 (2025) 120987 

5 



M.A. Wollenweber et al.

Fig. 5. Engineering stress–strain curves of micropillar compression experiments up to a strain of % with highlighted stresses at 1% and 5% plastic strain. The curves are differentiated 
by temperature, orientation and loading rate. In the orientation near [110] at faster loading rates, the curves from slow loading rates of the same orientation are also given in 
grey.  (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

complete temperature range investigated and its CRSS increases for all 
temperatures except for 400 ◦C. Here, the CRSS lies in the same region 
for all loading rates.
Near [1 1 1] orientation: This orientation exhibits a trend similar to the 
low loading rate in the previous orientation, with the {1 1 0} slip system 
activated at both ambient temperature and 200 ◦C (Table  6). At 400 ◦C, 
the {1 1 1} slip system is activated at a much higher CRSS compared 
to the {1 1 0} slip system. However, due to difficulties in conducting 
a reliable slip system analysis at 600 ◦C, no CRSS is calculated for this 
temperature. Comparing the CRSS values at 20 ◦C and 200 ◦C with those 

of the [1 0 0] and [1 1 0] orientations reveals that they are relatively 
close to each other. An overview of the CRSS values, independent of 
pillar orientation, is presented in Table  7 for both {1 1 0} and {1 1 1}
slip systems as a function of temperature.

3.3. Confirmation of slip plane with TEM

In select cases, where it was difficult to assign a slip trace to either 
a {1 1 1} or {1 1 0} slip plane due to high deformation and inconclusive 
comparisons with simulations, in-depth TEM analysis was employed. 
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Fig. 6. Compressed micropillars with their respective slip system activation. (a) Transition of active slip system from 200 ◦C to 400 ◦C for the near [1 1 0] orientation. (b) Two 
pillars with a near [1 0 0] orientation exhibit double slip and single slip. (c) Transition of active slip system from 400 ◦C to 600 ◦C. The angle of view changes from (a) through (c) 
in accordance with the slip trace orientation but remains consistent in each sub-figure.

Table 4
CRSS of observed slip systems at different temperatures for the near [1 0 0] orientation 
at a loading rate of 0.02mN s−1.

 Temperature Slip system CRSS (MPa) 
 20 ◦C {1 1 0} ⟨1 1 0⟩ 219 ± 44  
 200 ◦C {1 1 0} ⟨1 1 0⟩ 144 ± 26  
 400 ◦C {1 1 0} ⟨1 1 0⟩ 142 ± 21  
 600 ◦C {1 1 0} ⟨1 1 0⟩ 98 ± 33  

An example is provided in Fig.  7a), illustrating a micropillar (near [1 1 0]
orientation) deformed at 400 ◦C, along with the potential slip systems. 
The orientation of the TEM-lamella was chosen such that it allows both 
potential slip planes to be viewed edge on. The main slip plane was 
confirmed to be the (1 1 1) plane when it was viewed edge-on and sharp 
differences in contrast could be distinguished from diffuse bending 
contours (Fig.  7b). In two beam condition of the 222 reflex reached 
from the [2 1 1] zone axis, dislocations appeared as individual lines 
within the (0 1 1) plane (Fig.  7c). These results provide clear evidence 
of plastic deformation occurring on {1 1 1} planes, likely transitioning 
from the {1 1 0} slip plane at 400 ◦C (cf. Table  5). Fig.  7(d) shows 
HRTEM images obtained at zone axis [1 0 1] in which the (1 1 1), (1 1 1)
and (0 1 0) planes are edge-on. The lattice image shows the presence 
of some nano-twins with the twin plane on the (1 1 1) plane. The fast 

Table 5
CRSS of observed slip systems at different temperatures for the near [1 1 0]

orientation.

 Loading rate Temperature Slip system CRSS (MPa) 
 0.02mN s−1 20 ◦C {1 1 0} ⟨1 1 0⟩ 172 ± 11  
 0.02mN s−1 200 ◦C {1 1 0} ⟨1 1 0⟩ 121 ± 36  
 0.02mN s−1 400 ◦C {1 1 1} ⟨1 1 0⟩ 283 ± 43  
 0.02mN s−1 600 ◦C {1 1 1} ⟨1 1 0⟩ 161 ± 27  
 0.2mN s−1 20 ◦C {1 1 0} ⟨1 1 0⟩ 272 ± 42  
 0.2mN s−1 200 ◦C {1 1 0} ⟨1 1 0⟩ 252 ± 41  
 0.2mN s−1 400 ◦C {1 1 0} ⟨1 1 0⟩ 256 ± 15  
 1mN s−1 20 ◦C {1 1 0} ⟨1 1 0⟩ 324  
 1mN s−1 400 ◦C {1 1 0} ⟨1 1 0⟩ 228 ± 19  

Fourier transformation (FFT) of the selected square area (marked by the 
red square) is inset. In the FFT twin diffraction spots are highlighted 
by the blue rectangle, while the matrix diffraction spots are shown by 
the red rectangle. Additionally, some diffraction streaks are observed 
along the (1 1 1) plane in the FFT (indicated by the purple arrows) and 
along the (1 1 1) plane (not shown here), which indicate the presence 
of stacking faults on both the (1 1 1) and (1 1 1) planes.
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Fig. 7. (a) Deformed micropillar with a highlighted slip plane trace and simulation of potential slip systems associated with that slip trace. (b) STEM ADF (annular dark field) 
image taken at zone axis [1 1 2] showing high concentration of defects on the (1 1 1) plane, which is edge-on at this zone axis. The SAD pattern of zone axis [1 1 2] is given in the 
inset. A unit cell of MnS created in Vesta [40] along with the (1 1 1) plane, the (0 1 1) plane (both in darker grey) and the plane of the lamella (foil plane, in light grey) is also 
provided. The intersections of the crystallographic planes with the foil plane are highlighted in pink for the (1 1 1) plane and in blue for the (0 1 1) plane. (c) STEM ADF image 
taken under g = 222 two-beam condition which could be reached from zone axis [2 1 1] showing many line features of defects in the (0 1 1) plane, which is edge-on in zone axis 
[2 1 1]. The SAD pattern of zone axis [2 1 1] is given in the inset. Here, a second unit cell of MnS with highlighted intersections is given, this time oriented along the g = 222

two-beam condition. (d) High resolution TEM image taken at zone axis [1 0 1] and image of the corresponding fast Fourier transformation (FFT) of the area highlighted in red 
are shown. A few nano-twins with the twin plane on the (1 1 1) plane are observed, as highlighted by the diffraction spots marked by the blue rectangle in the FFT image. The 
red rectangle on the FFT image indicates the diffraction spots for the matrix. The plane traces of (1 1 1), (1 1 1) and (0 1 0) are also provided. Additionally, some diffraction streaks 
(marked by the purple arrows) on the FFT image are also noticed, which indicate the presence of stacking faults on the (1 1 1) plane.  (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)

Table 6
CRSS of observed slip systems at different temperatures for the near [1 1 1] at a loading 
rate of 0.02mN s−1.

 Temperature Slip System CRSS (MPa) 
 20 ◦C {1 1 0} ⟨1 1 0⟩ 165  
 200 ◦C {1 1 0} ⟨1 1 0⟩ 128  
 400 ◦C {1 1 1} ⟨1 1 0⟩ 313  
 600 ◦C Not determined –  

Table 7
Overview of the CRSS for different slip systems at different temperatures averaged from 
all orientations at a loading rate of 0.02mN s−1.

 Slip system {1 1 0} ⟨1 1 0⟩ {1 1 1} ⟨1 1 0⟩ 
 Temperature CRSS (MPa) CRSS (MPa)  
 20 ◦C 165 ± 22 –  
 200 ◦C 132 ± 30 –  
 400 ◦C 142 ± 21 286 ± 42  
 600 ◦C 98 ± 33 162 ± 27  

4. Discussion

4.1. Plasticity of MnS

In the majority of deformed pillars, we observed slip on {1 1 0}
planes, with some pillars also exhibiting slip on {1 1 1} under specific 
conditions. The activation of the {1 1 0} system as the main slip sys-
tem is consistent with earlier studies on the deformation and fracture 
of MnS single crystals. Secondary slip has been reported on {1 1 1}
planes [22,23], but requires significantly larger stresses because the 
ionic structure of MnS leads to slip plane dependent variations in 

Table 8
Schmid factors of all discussed slip systems, including the ratio of Schmid factors of 
the primary {1 1 1} to the primary {1 1 0} slip system.
 Orientation {1 1 0} ⟨1 1 0⟩ {1 1 1} ⟨1 1 0⟩ Ratio of primary {1 1 1} 
 Primary Secondary Primary to primary {1 1 0}  
 Near [1 0 0] 0.465 0.452 0.470 1.01  
 Near [1 1 0] 0.319 0.173 0.472 1.48  
 Near [1 1 1] 0.202 0.141 0.413 2.04  

the electrostatic effects associated with the ion configuration in the 
cores of edge dislocations [41]. None of the indexed slip events on 
the micropillar surfaces were indicative of slip on {1 0 0}. For both 
primary and secondary slip, ⟨1 1 0⟩ was identified as the main slip 
direction, which is expected to involve a low energy barrier resulting 
from electrostatic interactions between Mn and S ions analogous to 
NaCl and AgCl [42]. In order to assess the relative critical shear stresses 
on any hard and soft slip systems, a compilation of all Schmid factors 
for each slip system and for all three orientations can be found in Table 
8. Even though the Schmid factor for slip on the primary {1 1 1} plane 
is higher than the Schmid factor for slip on the primary {1 1 0} plane in 
all orientations, slip at room temperature was exclusively observed on 
{1 1 0} planes. This marks the {1 1 0}⟨1 1 0⟩ slip system as the soft slip 
system and {1 1 1} ⟨1 1 0⟩ as the hard slip system, with a CRSS at least 
twice that of the soft system based on our measurements with respect 
to both systems at 400 ◦C and a loading rate of 0.02mN s−1 (Table  7) 
and as a lower bound at room temperature based on the Schmid factor 
ratio.

The consistent identification of slip on {1 1 0} planes as the primary 
mechanism for plastic deformation across all deformation conditions, 
was marked by one exception. This exception occurred in orientations 
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Fig. 8. Trend of flow stress at 1% plastic strain in (a), flow stress at 5% plastic strain in (b) and CRSS in (c) over temperature per orientation and loading rate (cf. Tables  3 and 6 
to Table  4). The data points in (c) are coloured according to the observed active slip system. Blue corresponds to the {1 1 0} and pink to the {1 1 1} slip system. Pronounced yield 
stress anomalies and slip system changes have been highlighted using a pink arrow.  (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)

near [1 1 0] and [1 1 1] under the lowest loading rate and at a tem-
perature of 400 ◦C. In the subsequent section, we will set aside these 
specific conditions and first focus exclusively on the remaining possible 
combinations.

In terms of a quantitative comparison of the stresses measured here 
and elsewhere, at room temperature, the CRSS is slightly higher than 
previously reported [22], yet still falls within the expected range for 
micropillars of similar size and crystal structure [43]. Possible reasons 
for the differing values could include different solute impurity levels, 
a slightly lower diameter of the micropillars in this study, as well as 
the evaluation conducted at 1% plastic strain rather than 0.2% plastic 
strain. With increasing temperature, the general expectation for ionic 
crystals like MnS is that resistance to plastic deformation decreases due 
to thermally activated dislocation motion against the lattice resistance, 
as observed in isostructural phases [44,45]. This trend is evident in 
the engineering stress–strain curves presented in Fig.  5 as well as in 
the stresses at 1% and 5% plastic strain and the CRSS as given in Fig. 
8, where an overall decrease in flow stress with rising temperature is 
observed for most orientations (also cf. Table  7).

For the same mechanism of thermally activated dislocation glide, 
higher loading rates lead to an increased yield stress at constant mobile 
dislocation density owing to the increase in imposed dislocation veloc-
ity and hence reduced effect of thermally activated kink formation. This 
is in fact observed here, as evident across the room temperature flow 

stresses at 1% and 5% plastic strain measured at different loading rates 
in the near [1 0 0] orientation (Fig.  8 and Table  5). However, the de-
crease of the CRSS over temperature is not linear, as would be expected 
for a constant governing deformation mechanism. Instead, the CRSS at 
400 ◦C remains approximately on the same level compared to the CRSS 
at 200 ◦C in [1 0 0] orientation. Similarly, a diminished dependence of 
stress on strain rate is observed in the orientation near [1 1 0] at 400 ◦C. 
At the same time, serrations occur in the stress–strain data for both 
cases. Their presence is commonly associated with jog formation during 
cross-slip and/or pinning of dislocations by solute atoms. Both have 
been observed frequently in MnS and other isostructural crystals. In 
case of cross-slip, {1 1 1} planes have been identified as the first cross-
slip planes in isostructural NaCl [27] and in MgO-Al2O3 spinel similar 
mechanical behaviour has also been associated with cross-slip [46]. 
In particular when cross-slip occurs in the presence of solutes, jog 
pinning is thought to give rise to hardening and serrated flow [47]. 
Hardening due to solutes, in particular Ca, has been reported in the 
temperature range considered here, with a much lower loss in hardness 
between room temperature and 800 ◦C than in pure single crystals [33]. 
When CaO and CaS are present an even stronger hardening effect is 
observed leading to a near constant hardness from 200 ◦C onwards up 
to approximately 600 ◦C [25]. Addition of Fe to replace Mn on the other 
hand was found not to have a significant effect on the hardness of MnS.

At 600 ◦C, slip on {1 1 0} planes is easy enough for the small differ-
ence in Schmid factors between the primary and secondary slip system 
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Fig. 9. Proposed scenarios involving impurity mobility and dislocation dissociation leading to experimental observations depending on orientation, temperature, the presence of 
solutes, and strain rate/time.  (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

to become negligible near the [1 0 0] direction, allowing dislocation 
glide on different {1 1 0} planes (Fig.  6c) and with diminishing solute 
interaction, as evident from the absence of serrations in the compres-
sion curves. This activation of multiple intersecting slip planes is likely 
the cause of the higher strain-hardening rate observed in Fig.  5 and the 
elevated flow stress at 5% plastic strain shown in Fig.  8 for compression 
at 600 ◦C in [1 0 0] direction.

Our observations are therefore consistent with expectations assum-
ing lattice resistance controlled flow at room temperature and an 
increasing mobility of impurity atoms with temperature. In this case, 
the loss of rate sensitivity is equally consistent with other observations 
of dynamic strain ageing and rate dependence, which is known to 
approach zero or even negative values also in other materials [48]. The 
behaviour of dislocations and their interactions with impurity atoms 
when dislocation glide on {1 1 0} planes is favoured, is visualised in 
the top part of Fig.  9. The dislocation is illustrated moving mainly on a 
{1 1 0} plane (shown in blue) even though infrequent cross-slip to {1 1 1}
planes (shown in light pink) might occur at elevated temperatures and 
impurities additionally pin dislocations at elevated temperatures when 
present. The effect of time, imposed by the strain rate, affects flow 
predominately in terms of double kink formation and propagation to 
overcome the Peierls barrier (Fig.  9).

4.2. Yield stress anomaly at elevated temperatures and low loading rates

In contrast to the conditions discussed above, a more pronounced 
yield strength anomaly is observed at 400 ◦C in micropillars oriented 
near [1 1 0] and [1 1 1] and deformed at the lowest loading rate of 
0.02mN s−1. Here, we observed an increase in stress at 400 ◦C compared 
to 200 ◦C, as illustrated by the pink arrow in Fig.  8. This anomaly is 
accompanied by a change in the active slip system from the primary 
{1 1 0}⟨1 1 0⟩ to the secondary {1 1 1}⟨1 1 0⟩ system. This transition of 
the active slip plane to {1 1 1} at 400 ◦C is specific to a combination of 
three conditions:

• Compression in an orientation, where the Schmid factor for the 
{1 1 1} (cross-slip) system is significantly higher than for the 
primary {1 1 0} system
• Elevated temperatures
• Slow loading rates

Even though only one observation could be made in the orientation 
near [1 1 1], the slip system change was observed in several pillars in 
the orientation near [1 1 0].

In principle, thermal activation of dislocation motion, solute effects 
and cross-slip have the same effect on slip on {1 1 1} planes as on 
slip on {1 1 0} planes. However, the specific combination of experi-
mental conditions leads to a synergetic effect, amplifying the increase 
of resistance to plastic deformation at 400 ◦C. Here, we propose a 
process that captures the increased resistance to plastic deformation 
on {1 1 1} compared to {1 1 0} as well as the transition of the active 
slip system as a combination of thermally activated cross-slip and 
impurity mobility. On their own, these mechanisms are already known 
to affect the mechanical properties of MnS as a function of tempera-
ture [25,33,46], as discussed in the previous section. However, to the 
best of our knowledge, their combination and effect on mechanical 
properties has not been previously reported in MnS, likely because 
of the specific experimental conditions required. These conditions and 
their effects on a dislocation line are illustrated in the lower half of Fig. 
9. Here, the elevated temperature of 400 ◦C, inducing frequent cross-
slip in orientations where the maximum resolved shear stress acts on 
{1 1 1} planes, and high impurity mobility, as well as low dislocation 
velocities contribute to an orientation-dependent locking of the {1 1 0}
slip system. This leads to a change in the active slip system, in spite 
of the higher CRSS of the new slip system, and an increased resistance 
to plastic deformation. We focus here on elucidating the interplay of 
dislocation dissociation and increased impurity mobility that lead to 
the locking of the slip plane in Fig.  10.

4.2.1. Orientation + time - cross-slip and dissociation:
Due to the lower CRSS, dislocations should initially be more mobile 

on the {1 1 0} plane. However, with negligible or small dissociation 
width, elevated temperatures result in frequent cross-slip to the more 
highly stressed {1 1 1} plane (top left of Fig.  10), where, dislocations 
can dissociate (top right of Fig.  10). This has been observed in MnS at 
temperatures between 800 ◦C and 1200 ◦C [24] and also indirectly by 
nanotwin formation in our TEM analysis Fig.  7(d). As a consequence of 
frequent cross-slip and dissociation on the cross-slip plane, dislocations 
cannot reverse cross-slip and are also unable to move on the cross-slip 
{1 1 1} plane, as the CRSS for this plane has not yet been reached.

4.2.2. Temperature + time - increased impurity mobility:
At 400 ◦C, impurities gain increased mobility and the prolonged 

waiting times of dislocations after their initial cross-slip, due to a low 
loading rate, allow impurities to accumulate in the stacking fault [49], 
presumably increasing dissociation width, or enabling dissociation onto 
adjacent planes into synchro-shear partials [24] (bottom right of Fig. 
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Fig. 10. Interaction of cross-slip and increased impurity mobility leading to the locking of slip on the {1 1 0} plane and facilitating slip on {1 1 1} planes at 400 ◦C, low loading 
rates and appropriate crystallographic orientations.  (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

10). Even if these dissociated dislocations are able to reverse cross-slip 
back to their original {1 1 0} plane, they leave behind dislocation jogs 
pinned by impurities, which impede dislocation motion [50,51].

4.2.3. Orientation + temperature + impurities + time: slip on {1 1 1}:
This synergetic effect effectively blocks the primary {1 1 0} slip 

system as a result of diminishing mobile dislocation density and conse-
quently, the stress in the micropillar continues to rise until it reaches 
the critical stress required to activate an alternative mechanism of 
plastic deformation. In this case, the subsidiary {1 1 1} slip system 
becomes active, allowing dissociated Shockley or synchroshear partials 
to move in the presence of impurities, leading to a change in the active 
slip system (bottom left in Fig.  10).

4.3. Conditions for a pronounced yield stress anomaly:

To demonstrate that the pronounced yield stress anomaly in MnS 
arises only when specific combinations of crystallographic orientation, 
temperature, and loading rate are met simultaneously, we systemati-
cally varied these factors. Alterations diminish either cross-slip effects, 
impurity mobility, or both, causing the micropillar’s plastic response to 
revert to expected behaviour:

4.3.1. Higher loading rates:
Higher loading rates reduce the time available for dislocations 

to cross-slip from {1 1 0} planes to {1 1 1} planes and for impurities 
to accumulate at stacking faults. This diminishes both cross-slip and 
impurity pinning effects, resulting in predominant slip on {1 1 0} planes. 
Experimental observations confirm that at higher loading rates, the 
yield stress anomaly is suppressed, and deformation proceeds via con-
ventional {1 1 0} slip (Fig.  8). Increased serrations (cf. Fig.  5) suggest 
a transition to a locking-unlocking mechanism as dislocations are not 
fully locked on {1 1 1} planes.

4.3.2. Lower temperatures:
At 200 ◦C and below, impurity mobility is insufficient to pin disloca-

tions, maintaining {1 1 0} slip as the primary deformation mechanism. 
Experiments show no yield stress anomaly under these conditions (cf. 
Fig.  8), aligning with expected behaviour.

4.3.3. Crystallographic orientation:
The near [1 0 0] orientation shows no yield stress anomaly or slip 

system change at 400 ◦C, even at low loading rates. Cross-slip from 
{1 1 0} to {1 1 1} planes is less favourable due to similar Schmid fac-
tors (Table  8), preventing dislocation trapping on {1 1 1} planes and 
reducing impurity pinning.

Nonetheless, at 400 ◦C, impurities still acquire increased mobility, 
enabling interactions with dislocations unrelated to cross-slip jogs. 
Entire dislocation lines or stacking faults of dissociated dislocations 
can be affected and pinned. This is evident from the higher number 
of serrations (cf. Fig.  5) encountered in the near [1 0 0] orientation at 
400 ◦C, and from the non-linear behaviour of the CRSS over temper-
ature (Fig.  8). It underscores that in the orientation near [1 1 0], the 
mechanism is specifically related to cross-slip, as otherwise the same 
slip system activation and mechanical behaviour over temperature 
would be expected.

At 600 ◦C and in the [1 1 0] compression direction, slip continues to 
take place on {1 1 1} planes at a higher CRSS compared with {1 1 0}
critical stresses. However, the critical stresses fall on both {1 1 0} and 
{1 1 1} planes and solute mobility increases to the point of disappearing 
serrations, marking the approaching end of the yield stress anomaly in 
terms of temperature.

We believe several factors contribute to the absence of documented 
pronounced yield stress anomalies in MnS in the literature thus far, 
which are mostly related to the specific conditions that need to be 
fulfilled to observe it. First, the region where no yield stress anomaly is 
expected is limited to orientations close to [1 0 0], which is the preferred 
orientation for testing single crystals of materials with a rock salt crystal 
structure. This preference arises because the {1 0 0} planes represent 
cleavage planes that facilitate sample preparation [44], while testing in 
{1 1 1} orientation may require suppression of cracking to activate the 
hard slip system [45,52]. Second, what is missing from most previous 
work on these effects, is an investigation of the active slip systems 
involved, particularly in the more limited work on MnS. Compression of 
polycrystals or hardness testing as a function of temperature was most 
commonly used to study plasticity, e.g. by Chao et al. on MnS single 
crystals [33], but both involve complex stress fields precluding isolated 
activation of hard slip systems due to the range of Schmid factors on 
many different slip systems. Microcompression on the other hand, as 
employed here, offers the opportunity to suppress cracking even in hard 
single crystals to identify the most prominent active slip system as well 
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Fig. 11. The trend of the mean strength of MnS micropillars at 5% plastic strain from the area near [1 0 0] and the yield stress of 16MnCrS5 case-hardening steel over temperature 
are given in yellow and blue respectively. The difference between the strength of these phases over temperature is also given in red. As single tests were performed on steel, no 
standard deviation is given for the strength of steel and the difference between steel and MnS. The area void fraction over temperature as calculated from the bending tests is 
given once more in orange.

the corresponding CRSS at the same time [53]. Third, we show that the 
anomaly is particularly dependent on the applied loading rate, being 
only fully present at slow loading rates, which might have not been 
tested before.

4.4. Calculation of mechanical contrast and explanation of damage be-
haviour

Based on the presented results, it is expected that the deformation of 
MnS inclusions in 16MnCrS5 case-hardening steel during tensile testing 
is best described by the behaviour observed in the near [1 0 0] orienta-
tion, rather than by a yield stress anomaly. This arises from several 
factors. Firstly, MnS inclusions are often times polycrystalline [54,55] 
and hardness measurements of inclusions tested directly in steel have 
shown a linear decrease with increasing temperature [34]. Secondly, 
the steel microstructure surrounding the MnS inclusion entails phase 
and grain boundaries, leading to incompatibility issues and more com-
plex stress states acting on the inclusions compared to the more simple 
uniaxial stress condition in this work. Lastly, industrially relevant form-
ing processes exhibit a range of different deformation rates, contrasting 
with the low loading rate that is necessary to observe the yield stress 
anomaly. Having established the most probable operative mechanisms 
and critical stresses for deformation of MnS inclusions in the 16MnCrS5 
steel, it becomes possible to estimate the mechanical contrast in the 
microstructure based on differences in the flow stress. For this, the yield 
stress of the steel (Table  2) is compared with the flow stress at 5% 
plastic strain at a loading rate of 0.02mN s−1 of the MnS micropillars 
for the near [1 0 0] orientation. Their trends over the temperature as 
well as their differences are depicted in Fig.  11.

We compare the strength of the MnS micropillar at 5% plastic strain 
to the yield stress of the steel for two reasons: Firstly, the previously 
discussed effect of cross-slip in this orientation leads to large variations 
in stress during the initial stages of the compression experiment. How-
ever, by 5% plastic strain, these variations diminish considerably, as 
the stress is no longer dependent on whether dislocation nucleation 
and/or cross-slip events happen relatively early or late during the initial 
loading of the micropillar. Secondly and more importantly, damage 
starts to nucleate only after strain has already accumulated in the 
sample and the inclusions, as seen for example in [56], making the 
mechanical contrast at 5% plastic strain of MnS more valuable for the 
prediction of damage. Fortunately, inclusions within the steel matrix 

show a similar diameter to the tested micropillars, indicating that a 
correction for size effect is not necessary.

The mechanical contrast in terms of flow stress changes with tem-
perature. In particular from 200 ◦C to 400 ◦C the mechanical contrast is 
reduced and finds its minimum before it rises to the maximum value at 
600 ◦C. Comparing this trend with the trend of damage prevalence over 
temperature Fig.  1 reveals that at least two different effects influence 
the damage accumulation. Firstly, the thermal activation of slip in MnS 
increases the ductility over the whole temperature range and strongly 
influences the damage prevalence from 20 ◦C to 200 ◦C. Even though the 
mechanical contrast remains roughly constant in this region, a decrease 
of damage is observed. At 400 ◦C however, the mechanical contrast 
is additionally reduced resulting in a second effect on the damage 
prevalence. Presumably, at this temperature MnS inclusions can keep 
up with the plastic deformation of the surrounding steel matrix in a 
more efficient way and hence initiate less damage sites during de-
formation. This behaviour matches the observed minimum prevalence 
of damage sites (Fig.  1) in the tensile test specimen at 400 ◦C. Most 
interestingly, at 600 ◦C the mechanical contrast plays an even larger 
role for damage prevalence. At this temperature, the contrast is at its 
maximum and corresponds to a higher prevalence of damage sites than 
observed at 400 ◦C. This is despite the fact that the promoted ductility 
due to thermal activation of slip systems was expected to decrease 
damage initiation. A third effect that might influence the stress state 
and hence the damage formation over temperature is the aspect of ther-
mal expansion of inclusions and steel. In this work however, thermal 
expansion is assumed to be negligible, as it is similar for both materials 
in the observed temperature range. Liu and al showed for ferrite a 
thermal expansion in the terms of increasing length of roughly 1% 
when increasing the temperature from 400K to 1000K [57]. Furuseth 
and Kjekshus showed for MnS also an increase of roughly 1% in the 
same temperature range by the terms of change of lattice constant [58]. 
Additionally, they showed that the thermal expansion obeys a linear 
trend in both ferrite and MnS for the temperature range discussed in 
this work. This means that thermal expansion alone cannot lead to 
the observed minimum of the damage prevalence at 400 ◦C. Hence we 
underline once more that the mechanical contrast between two phases 
in a microstructure is a crucial factor in damage-controlled forming 
processes, and it cannot be assumed to remain constant over tem-
perature. Understanding how to manipulate mechanical contrast with 
temperature expands the spectrum of parameters available for damage 
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control, potentially enhancing component lifespan, performance and si-
multaneously allowing for more effective light-weight design to reduce 
emissions and energy consumption. For example, based on the results 
of this work, when focusing solely on the damage prevalence, it is 
advisable to limit the temperature of forming processes with strain rates 
similar to the conducted tensile tests for 16MnCrS5 case-hardening steel 
to 400 ◦C. Although it needs be considered how a change of temperature 
influences other metallurgical phenomena, limiting forming tempera-
tures to 400 ◦C impedes formation and evolution of damage sites related 
to MnS inclusions while simultaneously preventing the formation of 
damage sites that are related to damage mechanisms only active at 
higher temperatures.

5. Conclusion

We studied the mechanisms of plastic deformation in MnS in the 
range from room temperature to 600 ◦C and their effect on the preva-
lence of MnS inclusion-induced damage sites in 16MnCrS5 case-
hardening steel in the same temperature range. Our results indicate 
that temperature plays an important role for both the plasticity of MnS 
and the damage prevalence initiated during forming. This highlights 
that damage controlled forming can be achieved by controlling the 
mechanical contrast between phases through temperature regulation. 
The main conclusions are summarised as follows:
• The dominant influence on damage prevalence shifts from soft-
ening effects at lower temperatures to increasing mechanical 
contrast at higher temperatures, resulting in a minimum damage 
prevalence at 400 ◦C.
• We confirmed the main slip system of MnS as {1 1 0}⟨1 1 0⟩ and 
the activation of the {1 1 1} ⟨1 1 0⟩ slip system in specific orienta-
tions at elevated temperatures, using micropillar compression in 
conjunction with TEM analysis.
• We determined the CRSS of the {1 1 0}⟨1 1 0⟩ slip system in the 
complete temperature range at three different loading-rates and 
the CRSS for the {1 1 1} ⟨1 1 0⟩ slip system at 400 ◦C and 600 ◦C.
• At 400 ◦C, an orientation-dependent and loading rate-dependent 
yield strength anomaly associated with a change in slip system 
was observed for the first time in MnS. We suggest this anomaly 
is related to cross-slip of dislocations from the {1 1 0} to the {1 1 1}
plane.
• We expect the yield stress anomaly to have negligible influ-
ence on damage initiation due to its orientation and loading 
rate dependence and the resulting reduced effect in non-single-
crystalline MnS inclusions experiencing a complex stress field 
during deformation.
• By considering the results of this study along with metallurgical 
phenomena that also influence the microstructure, we propose 
that it should be possible to identify a process window that 
minimises damage prevalence during forming.
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Abstract

Forming-induced damage strongly affects the service life and mechanical properties of components made from 16Mn-

CrS5 case-hardening steel. In this study, we quantitatively investigate how the local phase environment, specifically

ferritic, pearlitic, and mixed regions, around damage sites associated with manganese sulphide (MnS) inclusions

affects their nucleation and growth. Using a novel approach based on machine learning-driven segmentation of high-

resolution scanning electron micrographs from in-situ tensile tests, we achieve reproducible and efficient identification

of phases in ferritic–pearlitic microstructures and quantification of damage sites. Our results reveal that ferritic envi-

ronments lead to increased damage prevalence when compared to mixed and pearlitic environments. In particular, the

growth of damage sites is markedly facilitated when the local ferrite fraction is increased. We explain this with the low

strain hardening capability of ferrite compared to pearlite, determined via spherical nanoindentation. In contrast, the

nucleation probability is not strongly dependent on the immediate phase environment, as the yield strength of ferrite

and pearlite are similar.

Keywords: Microstructural damage, Segmentation, Scanning Electron Microscopy, Machine learning, Steel, MnS,

Spherical nanoindentation

1. Introduction

Research on structural materials typically focuses on

improvements of mechanical properties. In particular,

when improving service life of components, the reduc-

tion of forming-induced ductile damage is of impor-

tance. Ductile damage, commonly characterised by

voids within the microstructure, is known to compro-

mise components’ mechanical properties such as energy

absorption during impact and endurance under cyclic

loading conditions [1, 2, 3]. Consequently, maximising

component performance requires minimising the preva-

lence of damage sites, usually quantified by their num-

ber or total area, during forming operations.

Typically, a high prevalence of damage sites is pre-

dominantly observed in materials that exhibit significant

mechanical contrast between microstructural phases [4,

∗These authors contributed equally

Email addresses: wollenweber@imm.rwth-aachen.de

(Maximilian A. Wollenweber), reclik@imm.rwth-aachen.de

(Tom Reclik)

5, 6]. Irrespective of the exact mechanism of initia-

tion or material system, damage formation is governed

by the different mechanical properties and spatial ar-

rangement of constituent phases. These can be inherent

phases, as in dual-phase steels [7, 8, 9, 10] or magne-

sium alloys [11]. In these cases, the mechanical contrast

between the constituent phases leads to strain partition-

ing and subsequent nucleation of damage sites at phase

interfaces or via fracture of the more brittle constituent

phase [12, 13]. In many other materials, however, dam-

age initiates not from main constituent phases but from

particles, such as inclusions or precipitates [14, 15, 16].

Whether intentionally added or formed due to impu-

rities [17, 18], these inclusions can act as nucleation

points for damage.

One example is case-hardening steel 16MnCrS5,

which exhibits damage sites that are mainly attributed

to the fracture of manganese sulphide (MnS) inclusions

or delamination at their interfaces [19]. The damage be-

haviour and its negative impact on the mechanical prop-

erties of this steel are well described in the literature and

generally attributed to the different mechanical proper-

Preprint submitted to Elsevier December 9, 2025



ties of MnS and the steel matrix [20, 21, 22, 23]. How-

ever, addition of Manganese and subsequent formation

of MnS also provides benefits for manufacturing pro-

cesses such as resistance to hot shortness [24, 25].

In earlier work, we have shown that both the size

and number of damage sites differ between individual

MnS inclusions and depend on each inclusion’s spe-

cific location within the steel microstructure [19]. No-

tably, this variation occurs even at identical levels of

applied global strain. We hypothesise that this hetero-

geneous distribution of damage sites is partially driven

by variations in local phase composition (ferrite vs.

pearlite), surrounding each MnS inclusion. Unlike dual-

phase steels, where interactions between two inherent

constituent phases primarily govern damage formation,

the heterogeneous microstructure of 16MnCrS5 con-

tains three distinct phases: ferrite, pearlite and the in-

clusion phase MnS. As a result, more complex interac-

tions contribute to damage formation. The significance

of MnS position in relation to damage has also been

recognised by other researchers evaluating individual

inclusions [26, 27]. However, no quantitative frame-

work directly linking an inclusion’s local microstruc-

tural environment to its propensity for nucleating and

growing damage has yet been established. Developing

such a framework is crucial to gain a deeper understand-

ing of the mechanisms governing damage evolution in

these multiphase alloys.

In this study we address this gap by investigating how

local phase environments affect initiation and growth

of inclusion-induced damage sites in multiphase mi-

crostructures. In particular, we propose that ferritic re-

gions, being softer than pearlite and accommodating

greater strain, facilitate increased damage prevalence

around MnS inclusions. Our central scientific ques-

tion is: Does a higher proportion of ferrite adjacent to

MnS inclusions lead to greater damage? Furthermore:

Is this effect manifested through more frequent nucle-

ation events, accelerated void growth, or both?

To answer these questions, we quantitatively assess

how ferritic, pearlitic, and mixed-phase environments

influence the number fraction, area fraction and mean

size of voids associated with MnS inclusions. Our anal-

ysis provides information at both macroscopic (mm)

and microscopic (µm) scales, focusing on statistical

trends as well as individual MnS inclusions and their

associated damage sites. We achieved this by acquir-

ing high-resolution panoramic scanning electron mi-

croscopy (SEM) images at different strains during an in-

situ tensile test of an etched 16MnCrS5 case-hardening

steel sample. For subsequent automated evaluation

across large image datasets, we trained two neural net-

works based on the nnU-Net architecture [28], enabling

segmentation into ferrite, pearlite, MnS inclusions, and

damage sites. This approach extends time-efficient sta-

tistical analysis previously applied to unetched samples

[29, 30, 31, 32, 19] by incorporating all constituent

phases of 16MnCrS5 (see Figure 1). Finally, to com-

plement our statistical findings, we interpret observed

trends using mechanical property measurements ob-

tained via spherical nanoindentation within individual

phases.

Figure 1: MnS inclusion in 16MnCrS5 case-hardening steel, showing

constituent phases in the unetched (left) and etched (right) states.

2. Materials and Methods

2.1. Case-hardening 16MnCrS5 steel

Microstructure segmentation and damage quantifica-

tion were conducted on a case-hardening 16MnCrS5

steel that had been produced by continuous casting.

The chemical composition of the steel, previously de-

termined in [33], is provided again in Table 1.

Its typical ferritic–pearlitic microstructure (visible

only after etching) is shown in Figure 1. MnS inclu-

sions are elongated due to the continuous casting pro-

cess and embedded in the steel matrix without obvious

preferences for pearlitic or ferritic interfaces. MnS in-

clusions can reach lengths of several tens of microme-

tres but typically have diameters up to 2 µm (Figure 1).

When tensile loading is applied parallel to the long axis

of the MnS inclusions at ambient temperature, these in-

clusions typically fracture, resulting in the nucleation of

damage sites. This damage initiation mechanism phys-

ically separates segments of an MnS inclusion as elas-

tic strain is relieved; continued deformation separates

the segments further, as illustrated in Figure 1. All ex-

periments were performed on the as-received material.

Aside from the in-situ tensile tests themselves, no addi-

tional forming steps or heat treatments, including case

hardening, were carried out.
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Table 1: Chemical composition of 16MnCrS5 case-hardening steel (in wt.%), from [33].

Element C Si Mn P S Cr Mo Ni Al Co Cu Nb V Fe

Wt. % 0.20 0.17 1.24 0.03 0.03 1.05 0.04 0.14 0.03 0.01 0.16 0.01 0.01 Bal.

2.2. Sample preparation

To prepare samples for in-situ tests, dog-bone-shaped

specimens were machined from a 16MnCrS5 steel billet

using electrical discharge machining. The sample ge-

ometry (Figure 2) featured a sheet thickness h =1.5 mm,

gauge length l =3.56 mm, and gauge width w =1.5 mm.

Once machined, the samples were metallographically

prepared to obtain a flat surface suitable for SEM imag-

ing. To this end, each sample was initially ground with

silicon carbide (SiC) sandpaper up to a grit size of 4000

and subsequently polished mechanically with water-

based diamond suspensions (3 µm and subsequently

1 µm) and water as a lubricant. As a final polishing step,

the sample surface was polished with an oxide polishing

suspension (OPS), followed by etching in 3 % nital for

9 s to reveal the pearlitic phase.

2.3. In-situ tensile test

After mechanical preparation, the sample was

mounted in the chamber of the SEM (Clara, Tescan)

and the surface was imaged using panoramic imaging

with a secondary electron (SE) detector at an accel-

eration voltage of 10 kV and a beam current of 1 nA.

In total, 150 images were acquired per strain state,

each covering an area of 100 µm x 100 µm, at a res-

olution of 100 µm/3072 px and an overlap of 15 % on

each side. These images were subsequently stitched to

generate a single panoramic image encompassing ap-

proximately 1.1 mm2. Following initial imaging of the

sample surface, the sample was transferred to a micro-

tensile stage (Proxima, microMECHA) and deformed

incrementally to a plastic strain of 3 %. After each de-

formation step, the same surface region was re-imaged

using the panoramic SEM approach. This procedure

was repeated at further plastic strains of 4 more times at

plastic strains of 5 %, 8 %, 10 % and 14 %. To compen-

sate for specimen elongation during deformation and

to maintain consistent coverage of the chosen region

at increasing strain levels, the number of images per

panoramic scan was gradually increased up to 180 im-

ages at the highest strain level. This adjustment resulted

in a total imaged area of about 1.3 mm2 at (14 %) final

strain.

2.4. Image segmentation using neural networks

To enable segmentation of the microstructure into

its constituent phases and to quantify damage sites,

two separate neural networks, both based on the nnU-

Net architecture [28], were trained and fine-tuned us-

ing the acquired SEM data. Hereafter, these networks

are referred to as phase-net and damage-net, accord-

ing to their respective purposes. In total, three differ-

ent datasets were prepared for training purposes and

annotated using the Computer Vision Annotation Tool

(CVAT) [34]. The characteristics of these datasets are

summarised in Table 2 and more information on the de-

sign choices of the neural networks is given in the sup-

plementary materials.

During in-situ testing, plastic deformation is visi-

ble on the surface as slip steps, which are considered

as artefacts in the context of microstructure segmenta-

tion. Thus, to ensure consistent segmentation accuracy

across all strain levels, the training dataset included im-

ages with both low and high densities of surface arte-

facts. To this end, images were randomly selected from

those acquired at strains of 3 % and 10 % to repre-

sent a broad range of deformation states. For dataset

1, a total of 70 images were manually labelled for mi-

crostructural constituents and used as ground truth. This

dataset was used both for the training of phase-net and

the pre-training of damage-net. Dataset 2 comprised

119 manually labelled images, reflecting the fact that

damage sites occupy only a small fraction of each im-

age. During network training and evaluation, 80 % of

each dataset was allocated to training/validation, while

the remaining 20 % was reserved for testing. After train-

ing, phase-net segments the microstructure into distinct

classes: ”Ferrite”, “Pearlite” and “MnS”, directly corre-

sponding to microstructural features shown in Figure 1.

Damage-net, on the other hand, was specifically trained

to identify damage sites and assigns a single class la-

belled “Damage”. The output from damage-net enables

localisation of all present damage sites as well as quan-

titative assessment including total void area and num-

ber of individual sites, required for evaluating damage

prevalence.. By combining spatial information provided

by both phase-net and damage-net outputs, it becomes

possible to determine the local microstructural environ-

ment surrounding each MnS inclusion and associated
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Figure 2: Workflow for determining the influence of local phase environments on damage behaviour in 16MnCrS5 steel. From top to bottom:

samples are machined, deformed incrementally via interrupted tensile tests, and imaged after each step using high-resolution panoramic SEM. The

resulting images are segmented by two neural networks, one for microstructural phases (orange arrows) and one for damage sites (yellow arrows).

Combining these results enables evaluation of the local microstructural environment surrounding each damage site.

Table 2: Summary of datasets used to train both neural networks.

Dataset deformation mode number of images classes networks

Set 1 tensile tested 70 Ferrite, Pearlite, MnS, artifact fine-tuning phase-net, pre-

training damage-net

Set 2 tensile tested 119 Damage fine-tuning damage-net
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damage site. Importantly, both networks operate simul-

taneously on the same captured SE images, as illustrated

in Figure 2, producing independent segmentation re-

sults. Further information on network design decisions

and their reasoning can be found in the supplementary

material.

2.5. Determination of local environment

Once the positions of both damage sites and mi-

crostructural constituents have been identified through

segmentation, the local environment surrounding each

individual damage site is determined. For this purpose,

two rectangular regions are constructed above and be-

low each damage site. To capture damage site environ-

ment accurately, the dimensions of each rectangle are

scaled according to the size of its respective damage

site. Rectangular shapes were chosen to enable eval-

uation parallel to the tensile direction and to simplify

analysis. In order to construct both rectangles, first their

horizontal boundaries are set in a way that the left edge

begins 20 pixels to the left of the leftmost point of the

damage site and the right edge ends 20 pixels to its right-

most point. Similarly, in height, the lower boundary of

the upper rectangle is set 20 pixels above the upper-

most point of each damage site, while the upper edge

of the lower rectangle is set 20 pixels below the low-

est point of each damage site. The thickness of each

rectangle is consistently set at 16 pixels. These dimen-

sions ensure that labelling artefacts at MnS interfaces

are excluded from analysis and that representative areas

from local microstructures are evaluated. An example

of the construction, along with its dimensions, is illus-

trated in Figure 3 a and b. The image provided is show-

ing an MnS inclusion, its associated damage sites, and

the surrounding microstructural environment after seg-

mentation. The colours represent different segmentation

classes: purple indicates MnS inclusions, green denotes

pearlite, black represents ferrite, and yellow marks dam-

age sites.

These rectangles provide a quantitative assessment

of the local microstructural environment by calculating

the proportion of each phase as a percentage of total

pixels within the region. However, to simplify subse-

quent analysis, the environments surrounding damage

sites are categorised into three distinct types: ferritic,

pearlitic and mixed environment, which are also de-

picted schematically in Figure 3. Each rectangle is anal-

ysed individually to determine its phase composition. If

more than 50 % of the pixels are identified as pearlite,

the region is designated as pearlitic.

Beyond classifying regions around damage sites, this

approach is also applied to areas adjacent to all MnS in-

clusions. For this purpose, two additional rectangles are

constructed for each inclusion, each with a fixed width

of 92 pixels and a thickness of 16 pixels. The rectangles

extend from 20 pixels below the lowest point to 20 pix-

els above the highest point of each MnS inclusion. To

evaluate phase distribution along the inclusion length,

these regions are shifted in 10 pixel increments Figure 3

c–e. Note that some regions may overlap with previ-

ously assessed damage site environments Figure 3 d.

2.6. Spherical nanoindentation

To complement the SEM-based statistical analysis

with local mechanical properties, spherical nanoinden-

tation was performed on ferrite, pearlite and MnS. For

this purpose, a disc-shaped sample was mounted in a

Keysight G200 nanoindenter with an integrated contin-

uous stiffness measurement (CSM) unit and a spheri-

cal tip with a nominal radius of 10 µm. Indentations

in ferrite and pearlite were carried out on the 16Mn-

CrS5 case-hardening steel, while MnS inclusions were

probed in a X30MnAl17-1 steel, which contains larger

MnS inclusions suitable for confinement of the plas-

tic zone within a single inclusion. Tip calibration,

measurement procedures, and data analysis followed

the methodology described in [35]. Due to the non-

self-similar geometry of the spherical tip, and a previ-

ously determined function for the constraint factor, the

recorded load and depth curves were converted to equiv-

alent stress-strain curves. The yield strength was deter-

mined via the Rp0.5 offset method based on these curves.

Elastic moduli were extracted from CSM data. In total,

7 indents were performed in ferrite, 5 indents in pearlite

and 11 indents in MnS. All indents were conducted at a

strain rate of 0.001 s−1. Indents in MnS were conducted

to a depth of 500 nm for MnS while indents in ferrite

and pearlite were conducted to a depth of 1000 nm .

3. Results

3.1. In-situ observation of MnS inclusions under strain

The in-situ experiments allow us to track the mech-

anisms of damage nucleation and growth, changes in

MnS inclusions, and their associated damage sites as a

function of strain. This progression is shown using the

example of one MnS inclusion in Figure 4.

The selected inclusion is representative in size and

exhibits variation in its local microstructural environ-

ment along its length, which is most apparent at the ini-

tial stage but highlighted once more at a strain level of
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Figure 3: Visualization of the workflow to quantify microstructural environment around detected damage sites (a, b) and all possible environments

(c-e), which includes environments around detected damage sites as well (d). Arrows visualize step size between recorded windows in both

processes. Schematic representations below show the three environmental classes: mixed, ferritic, and pearlitic environments; green indicates

pearlite, black indicates ferrite, purple indicates MnS inclusions. The non-transparent pixels are considered for the calculation of phase environment.

Figure 4: Sequential micrographs illustrating morphological changes in an MnS inclusion and associated damage sites during incremental straining.

White arrows indicate damage sites in a ferritic environment, while green arrows indicate damage in a mixed environment. Phase information is

superimposed on the microstructure in the micrograph at a strain level of 5 %.
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5 %. Upon deformation to 3 % plastic strain, three dis-

tinct damage sites are observed to have nucleated dur-

ing this initial forming step. There is no clear prefer-

ence regarding the local environment for these nucle-

ation events: two sites formed within ferritic environ-

ment while one emerged within a mixed-phase envi-

ronment. As strain increases, pre-existing damage sites

expand further in width and additional new sites con-

tinue to nucleate along the inclusion. However, at a fi-

nal strain of 14 %, comparison reveals that the widths

of these initial three damage sites did not increase uni-

formly. Specifically, the damage sites situated within

ferritic environments (highlighted with white arrows)

grew larger than the site nucleated in a mixed-phase re-

gion (highlighted with a green arrow). To confirm these

anecdotal observations, we systematically investigated

the influence of the local microstructural environment

on both nucleation and growth of MnS-associated dam-

age sites using statistical analysis based on data gener-

ated by the phase-net and damage-net networks.

3.2. Evaluation of image segmentation performance

To ensure transparency regarding the reliability of our

scientific findings, we begin by evaluating the perfor-

mance of the segmentation networks. The output of the

image segmentation process consists of masks in which

each pixel is assigned to a specific class or to the matrix.

We assess the quality of this classification both qualita-

tively and quantitively.

For qualitative assessment, each class is assigned a

distinct colour, and the resulting mask is overlaid on

the original SEM image. This visual approach allows

for intuitive evaluation of segmentation accuracy. A di-

rect comparison between an SEM micrograph and its

corresponding segmentation mask is presented in Fig-

ure 5, facilitating a straightforward visual appraisal of

both neural networks’ performance.

In addition to this qualitative assessment, network

performance was quantitatively evaluated using the

Dice score [36], a widely-used metric for measuring ac-

curacy in image segmentation tasks [37, 38]. Accord-

ingly, Dice scores obtained from 14 phase segmented

and 24 damage segmented images are summarised as

box plots for each segmentation class in Figure 6.

The box plots reveal that the medians for all classes

segmented by phase-net exceed 0.9, as shown by the

lines within each box. Notably, overall Dice scores as

well as those for ferrite and pearlite approach 1 with

only small variability across images. Although MnS

exhibits a higher median Dice score than pearlite, its

distribution displays greater spread. One outlier, shown

as an open circle at zero results due to misclassification

at a small site. In this instance, MnS was predicted but

not present in the ground truth. Such pronounced devi-

ations occur because even minor discrepancies greatly

affect metrics when site size is small.

A similar pattern is observed in the damage-net re-

sults. Here, the Dice scores display a broader variability

and occasionally include low or zero values. These low

scores typically arise when ground truth damage sites

are not identified by the network. Examples of such

cases are given in the supplementary materials.

3.3. Damage quantification during in-situ testing

Image segmentation by damage-net enable auto-

mated quantification of damage parameters by deter-

mining both the number and total area of detected dam-

age sites. These values are normalised to the total MnS

area identified by phase-net. By monitoring these pa-

rameters with increasing plastic strain, the evolution of

damage sites during deformation can be characterised,

as shown in Figure 7. Both the number and total area

of detected damage sites increase steadily with rising

strain. At the final strain level observed, more than 0.2

sites per µm2 of MnS are observed, covering approxi-

mately 4 % of the area covered by MnS.

3.4. Influence of local microstructure on damage initi-

ation and growth

Distribution of microstructural classes around MnS in-

clusions . To elucidate how the local microstructural

environment affects damage prevalence metrics, both

area fraction and number of detected damage sites were

analysed with respect to their surrounding environ-

ment. As previously described, environments were cat-

egorised into three distinct classes (fully ferritic, fully

pearlitic, mixed) (subsection 2.5). Initially, we assessed

the overall distribution of environmental classes sur-

rounding MnS inclusions across all strains. The results

are presented in Table 3.

Table 3: Prevalence of environment classes around MnS inclusions

Class Occurrence (%)

Fully ferritic 59 ± 2

Fully pearlitic 13 ± 1

Mixed 28 ± 1

This analysis shows that MnS inclusions are most fre-

quently found within ferritic regions rather than mixed

ones. Purely pearlitic surroundings are comparatively

rare. Small deviations across different strain levels, as

indicated by the standard deviation, are likely due to
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Figure 5: Secondary electron micrograph of an etched 16MnCrS5 specimen with superimposed segmentation masks: a) phase segmentation, where

green denotes pearlite, purple indicates MnS, and grey corresponds to ferrite; b) damage segmentation, where yellow highlights areas classified as

damage and grey represents all other areas. The inset displays a higher magnification of the rectangular region marked in orange.
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Figure 6: Box plots showing Dice scores for network performance

evaluation across segmentation classes: ferrite (grey), pearlite (green),

MnS inclusions (purple), overall performance for phase-net (blue),

and performance for damage-net segmenting damaged regions (yel-

low).

small changes of the imaged area resulting from applied

strain.

Environment dependence of damage nucleation . In or-

der to unravel whether damage site nucleation prefer-

entially occurs within specific environments, we first

started by analysing damage site number fraction per

class (Figure 8 a).

The data reveal that damage site nucleation is most

frequent within ferritic environments compared with

mixed or purely pearlitic ones and show little varia-

tion with increasing strain. On average, approximately

60 % of damage sites occur within purely ferritic sur-

roundings, about 30 % within mixed environments and

roughly 15 % within exclusively pearlitic environments.

Furthermore, these results show that, although new

damage sites are initiated at all strain levels (cf. Figure 4

and Figure 7), these damage sites nucleate within all en-

vironmental classes with consistent probability at any

given level of applied strain. To quantitatively assess

preferred nucleation sites accounting for environmental

occurrence rates (Table 3), we calculated the conditional

probability that a site initiates within a particular envi-

ronment p(D|E) using Bayes’ theorem [39]

p(D|E) =
p(E|D)p(D)

p(E)
(1)

where p(E|D) denotes the probability for observing

a certain environment at a damage site, p(D) is overall
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Figure 7: Evolution of key damage parameters during in-situ tensile testing as functions of strain: panel a) displays the number count, while panel

b) shows total damage area, both normalised by total MnS inclusion area identified via image segmentation.

probability for damage formation, and p(E) is the oc-

currence rate for each environmental class. p(D|E) was

computed per class across all strains and is visualised in

Figure 8 b.

The results indicate that for all environmental classes,

the likelihood of newly formed damage sites increases

consistently with rising strain (except at 8 % for the

mixed and pearlitic environments). However, no consis-

tent preference emerges regarding which environment

favours nucleation across all strains. For example, at

3 %, 5 %, and 10 % strains, pearlitic environments dis-

play the highest probability of damage nucleation, while

at 8 % and 14 % strains ferritic regions seems more

favourable.

Environment dependence of damage growth. To inves-

tigate how microstructural environment influences sub-

sequent growth behaviour, we correlated damage area

fractions with environmental class using our established

method (subsection 2.5). Mean area fractions, nor-

malised by total imaged MnS area, are displayed for

each class and strain level in Figure 8 c.

An increasing trend with strain is evident for all envi-

ronmental classes containing ferrite. Only within purely

pearlitic surroundings between strains of 5 % and 8 %

no clear trend emerges. Furthermore, there is a marked

dependence of damage area on environmental class.

These differences become more pronounced at higher

strains, with ferritic regions exhibiting larger average

damage areas than mixed or purely pearlitic regions.

However, trends observed in area or number fractions

may be affected by uneven distributions of environ-

ments around MnS inclusions, thus they do not directly

translate to intrinsic growth rates.

Further insight was gained by analysing mean dam-

age site size as a function of local pearlite fraction

(rather than discrete classification), shown in (Figure 8

d). This approach reduces sensitivity to class imbalance

effects. Here two key findings emerge: (1) At maximum

strain of 14 %, higher local pearlite fraction corresponds

to smaller mean void sizes. (2) When tracking changes

in mean void size across strains for each bin (Figure 8

d), greater pearlite content yields less variation between

strains compared to lower fractions.

3.5. Spherical indentation

Equivalent indentation stress–strain curves obtained

from spherical indentation experiments, along with the

corresponding constraint factor versus strain are shown

in Figure 9 for ferrite, pearlite, and MnS.

Although an initial elastic regime is evident, its slope

in the equivalent indentation stress–strain curve is not

suitable for accurate determination of elastic modulus

(E). This is because the depth in this initial regime

is only a few nm and the elastic–plastic transition in-

troduces inaccuracies in tip calibration as well as in

the conversion from load–depth to stress–strain. We

therefore report elastic moduli from continuous stiff-

ness measurements (CSM), which provide higher fi-

delity values (Table 4). The average moduli determined

fall within the ranges reported in literature for ferrite

and pearlite [40, 41] and for MnS [20].

Although the elastic region in Figure 9 is not suit-

able for determining the elastic modulus, it can be used
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Figure 8: Damage prevalence and damage site metrics as a function of local microstructural environment and strain level. a) Number fraction of
damage sites, b) probability of damage site initiation, c) mean area fraction of damage sites, d) mean size of individual damage sites. Different
colours correspond to different strain levels.
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Table 4: Average elastic modulus and yield strength Rp0.5 (mean +
standard deviation) for ferrite, pearlite, and MnS. Elastic modulus de-
termined via CSM during spherical indentation.

Phase Ferrite Pearlite MnS

E (GPa) 193 ± 3 201 ± 2 111 ± 1
Rp0.5 (MPa) 580 ± 80 720 ± 90 580 ± 60

to identify the onset of plasticity and thus define the
yield strength. Here, yield strength was defined as the
equivalent indentation stress at 0.5 % plastic strain us-
ing an offset based on the initial elastic slope of the
stress-strain curve. The mean values for each phase
are reported in Table 4. The curves show similar yield
strengths for ferrite and MnS and a slightly higher
value for pearlite. Although factors, such as indenta-
tion size effects, interlamellar spacing and chemistry are
expected to influence the yield strength, our reported
values are consistent with literature ranges for pearlite
[42] as well as for MnS and ferrite [23]. Differences
in plastic behaviour are apparent in the strain hardening
behaviour among phases: ferrite shows modest strain
hardening, pearlite shows stronger initial hardening fol-
lowed by a plateau, whereas MnS displays a linear hard-
ening behaviour at a near-constant rate throughout the
measured range.

4. Discussion

4.1. Deep learning-based segmentation of phases and

damage

The automated segmentation approach employing
nnU-Net architecture demonstrated varying perfor-
mance across different microstructural classes. While
phase segmentation achieved consistently high Dice
scores, damage segmentation exhibited greater variabil-
ity. This disparity can be attributed to three primary fac-
tors.

Firstly, damage only constitutes 6.9×10−5 of the total
imaged area. This severe class imbalance results in few
positive training examples for the damage network. Ad-
ditionally, individual damage sites are also small, with
a high boundary-to-interior pixel ratio, making them es-
pecially susceptible to segmentation errors, as this char-
acteristic is challenging for the nnU-Net’s design phi-
losophy, which relies on learning multi-scale represen-
tations [28].

Secondly, the Dice coefficient exhibits heightened
sensitivity to segmentation errors when applied to rare,
small objects. A single missed damage site, even if it
comprises only a few pixels, results in a Dice score of
zero for that image. In contrast, misclassifying a compa-
rable number of pixels at phase boundaries between fer-
rite and pearlite has negligible impact on phase segmen-
tation scores due to the large total area of correctly clas-
sified phase pixels. This metric behaviour creates sta-
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tistical instability: with few damage sites per image, the
Dice score lacks sufficient sampling to stabilize, effec-
tively computing statistics on small counts where indi-
vidual errors dominate the result. Consequently, the ob-
served variability in damage segmentation Dice scores
partially reflects limitations of the metric itself rather
than systematic network failure.

Lastly, distinguishing between actual damage and
artefacts is particularly difficult near MnS interfaces.
These artefacts can arise due to locally increased etch-
ing, scratches from metallographic preparation or even
changes in surface topology during the in-situ experi-
ment due to dislocation activity. Although unfavourable
towards accurate damage segmentation, these classes of
artefacts are commonly expected for high-throughput
methods, in particular for methods that take large areas
into account.

Despite these limitations, automated segmentation
enabled analysis on a scale that is infeasible by manual
annotation. Processing thousands of micrographs across
multiple strain levels and environmental conditions re-
quired consistent labelling criteria that human annota-
tors struggle to maintain over extended periods. This
consistency, however, is particularly valuable for com-
parative studies where subtle differences in damage evo-
lution must be quantified. While the segmentation accu-
racy for damage sites shows greater variability than for
phase segmentation, the achieved performance is suf-
ficient for drawing reliable conclusions about damage
evolution trends and environmental effects as visualised
by the consistent trends shown in Figure 8. Thus, de-
spite these methodological considerations, clear trends
emerge from our data regarding how local microstruc-
tural environment affects both damage nucleation and
growth. Future work could consist of dedicated net-
works, with architectures tailored to small damage sites,
or a two-step approach, consisting of detection and a
subsequent segmentation.

4.2. Influence of local environment on damage nucle-

ation and growth

It is widely recognised that damage prevalence in
multiphase steels is primarily influenced by the strain
incompatibility between a compliant and/or soft phase,
which can accommodate comparatively large amounts
of strain, and a stiff and/or hard phase which can accom-
modate comparatively less strain [43]. In the case of
16MnCrS5 damage occurs predominately in and around
the MnS inclusions [44, 23], either via MnS fracture
under the present loading or via interface decohesion
under transverse loading [19]. Among the three con-
stituent phases, ferrite accommodates the largest plas-

tic strain [27]. It is therefore reasonable to expect fer-
ritic surroundings to be associated with higher damage
prevalence. What remains to be unravelled is whether
the environment primarily affects damage nucleation,
growth, or both.

Based on the statistical results presented in Figure 8
b and d along with the in-situ observations shown in
Figure 4 , we seperate the roles of damage nucleation
and growth as a function of the local environment.

Damage nucleation. The statistical analysis of damage
nucleation presented in Figure 8 b shows no consis-
tent preference for nucleation in a particular environ-
ment across strains. The apparent fluctuations that ap-
pear to favour pearlite or ferrite at different strains are
likely consistent with sampling variability rather than
a physical effect since there is no mechanistic reason
for the preferred environment to oscillate with strain.
This is also reflected in Figure 4, where multiple nucle-
ation events occur over a range of global strains without
a consistent environmental bias.

This lack of a clear trend suggests that mechanisms
beyond the surrounding environment have a larger im-
pact on nucleation behaviour. Likely contributions
include crystallographic grain orientation near inclu-
sions and local stress concentrations arising from abrupt
changes in inclusion thickness or morphology.

Damage growth. In contrast to nucleation, analysis of
mean void size as a function of microstructural envi-
ronment reveals a clear trend towards greater damage
site growth in ferritic environments. As illustrated by
Figure 4, among the three initial damage sites (white
arrows), those embedded in purely ferritic neighbour-
hoods expand most with increasing strain. Our statisti-
cal analysis based on image segmentation (Figure 8) d
confirms this stronger growth of damage sites in ferritic
environments. Consistent with this observation, the re-
sulting smaller mean void size in the vicinity of pearlite
is particularly pronounced where the pearlite fraction
is highest. For example, the mean void size approxi-
mately doubles when moving from a 90 % pearlitic en-
vironment to a 70 % environment. Moreover, the strain
dependence becomes more pronounced where ferrite
predominates. Given that nucleation is, at most, only
weakly dependent on environment class, observed dif-
ferences across pearlite fractions must arise predomi-
nantly from variations in growth behaviour. Thus, these
results suggest that growth is governed by the local
microstructural environments, with faster growth oc-
curring where ferrite predominates and slower growth
where pearlite content is high.
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Our analysis likely underestimates the full growth-
suppressing effect of highly pearlitic environments be-
cause its based on two-dimensional (2D) micrographs
and cannot capture the three-dimensional (3D) phase
connectivity. As such, subsurface ferritic ligaments not
intersected by the section plane may contribute to in-
creasing apparent void growth even where the 2D sec-
tion appears pearlitic. The high likelihood of this phe-
nomenon is further supported by the frequent occur-
rence of ferritic environments given in Table 3.

Damage in MnS in multiphase environments. Combin-
ing the in-situ observations and statistical analysis with
the phase-specific mechanical response from spherical
indentation, we propose the following mechanism for
damage in MnS when the tensile axis is parallel to the
inclusion axis.

Rock-salt crystals such as MnS exhibit negligible ten-
sile plasticity prior to fracture at room temperature (as
shown for MgO, CaO [45, 46]). Fracture, thus, occurs
once the local tensile stress reaches the fracture strength
at or shortly after the elastic limit. In the initial elas-
tic regime, the inclusion-matrix system can be approxi-
mated as iso-strain (Voigt bound) along the loading di-
rection. However, because the elastic modulus of MnS
is approximately half that of ferrite and pearlite (Table
4), the average elastic stress in MnS remain below its
fracture strength at the matrix elastic limit. Fracture
of MnS is therefore not expected at this stage. Once
the phases surrounding MnS yield, local stress concen-
trations, amplified at intersections with slip bands ob-
served in Figure 4, quickly increase the tensile stress in
MnS toward its fracture strength, triggering crack initi-
ation.

This mechanistic picture explains why damage nucle-
ation shows little dependence on environment class: fer-
rite and pearlite have comparable indentation-equivalent
yield strengths (Table 4), so the onset of plasticity
is controlled more by crystallographic orientation and
local morphology than by phase identity alone. By
contrast, subsequent damage growth depends strongly
on the surrounding phase. Because pearlite ex-
hibits higher work-hardening than ferrite (Figure 9),
post-yield macroscopic strain partitions preferentially
into ferrite, leading to greater separation of MnS frag-
ments following fracture, and larger void areas in fer-
ritic environments Figure 8 d. Mixed environments
show intermediate growth consistent with their local
ferrite fraction. We therefore conclude that nucle-
ation is dominated by local morphological features and
slip-band interactions, whereas growth is governed by
strain partitioning arising from the mechanical contrast

between the surrounding phases.
Consequently, while the identity of neighbouring

phases has little influence on nucleation, ferritic lo-
cal environments around MnS inclusions increase over-
all damage prevalence by accelerating post-nucleation
growth. To elucidate 3D environmental effects, serial
sectioning [47] or tomography experiments [48] could
provide valuable additional insights. Combined with
grain orientation mapping, such data could clarify how
internal grain boundaries, misorientations between in-
clusions and matrix, and surface topography influence
stress concentration and crack nucleation in MnS.

5. Conclusion

In this study, we quantified how phase distribution
and local mechanical properties in 16MnCrS5 influ-
ence the prevalence and evolution of MnS-induced dam-
age by combining machine-learning image segmenta-
tion with spherical nanoindentation. Our results demon-
strate that neighbouring phases set the local strain parti-
tioning around MnS inclusions, thereby affecting dam-
age prevalence during deformation. The main conclu-
sions are:

• Damage nucleation is largely insensitive to
whether the local environment is ferritic or
pearlitic within the examined strain range, con-
sistent with the comparable indentation-equivalent
yield strengths of both phases.

• Once nucleated, damage grows fastest in ferritic
environments and is strongly inhibited in highly
pearlitic surroundings due to pearlite’s higher
strain-hardening.

• Mixed environments exhibit intermediate growth
proportional to their local ferrite fraction.
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Appendix A. Supplementary Materials

Appendix A.1. Additional details on image segmenta-

tion

Due to the class imbalance between damage and
phase data, we implemented separate nnU-Net mod-
els: one for phase segmentation and one for damage
segmentation. This approach allowed us to annotate
additional damage-only training data for the damage
network without requiring corresponding phase labels,
which would be necessary in a single-network frame-
work. Since phase information is relevant for dam-
age prediction but not vice versa, we leveraged transfer
learning by pre-training the damage network on phase
data.

To address performance issues with damage outliers,
we hypothesized that the small proportion of damage
pixels relative to the input window might cause difficul-
ties. We tested two modifications: (1) reducing the in-
put window size from 3072×3072 pixels, and (2) adding
phase segmentation masks inferred from the first trained
network as additional input channels. Contrary to our
hypothesis, the full 3072 × 3072 window without ad-
ditional phase information yielded the best Dice scores
(see Figure A.1). The optimal performance at full win-
dow size aligns with recommendations in the original
nnU-Net publication [28]. Surprisingly, incorporating
phase information did not improve performance. We
attribute this to two factors: (1) potential error propa-
gation from the phase network, since damage predom-
inantly occurs in MnS phases, and (2) the fundamen-
tal limitation of relatively few damage-positive pixels,
which likely requires a larger training dataset rather than
architectural modifications to resolve effectively.

We analysed patches with low Dice scores to iden-
tify systematic failure modes (see Figure A.2). The out-
liers fell into three categories. Firstly, thin damage sites
(patches a, b, c, and partially d): The network struggled
to segment damage features with small spatial extent.
Secondly, large damage sites with brightness variation
(patches d, e, f): In these cases, fractured MnS islands
exhibited different brightness levels across the two sepa-
rated segments, potentially hindering the segmentation.
Lastly, false negative in ground truth: One damage site
was correctly identified by the network but was absent
from the ground truth annotations, patch g.
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Figure A.1: Dice scores of damage-net trained with different window
sizes and additional phase information.
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Figure A.2: Dice score outliers of damage-net trained with the full
window size and no additional phase information.
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