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Abstract 

The occurrence of microstructural damage in the form of deformation-induced voids affects 

the properties and performance of a formed part on multiple scales. This process begins with 

the formation of microscale voids and ends with macroscopic failure due to accumulated 

damage during plastic deformation. It is because of this multi-scale effect, that the initiation 

and evolution of these deformation-induced voids needs to be viewed and analysed from a 

multi-scale point of view. Such an approach is expected to start with the mechanisms of 

plasticity in a mechanically heterogeneous microstructure, at the nanoscale, leading to the 

mechanisms of damage formation. To gain further insights about the formation of these types 

of deformation-induced damage, however, the viewpoint on these microscale events needs to 

be enlarged, gathering information about a whole plethora of damage sites, in order to achieve 

statistically sound assertions. Ideally, the scale can be enlarged in such a way that correlations 

to global parameters of the deformation process are possible, leading to a bridging of the 

scales from microstructural mechanisms to the order of magnitude required to engineer 

complete forming processes with respect to damage formation. 

To achieve this bridging of scales between nanoscale investigations on damage mechanisms 

and damage quantification on the scale of a formed component, this work presents a 

complementary approach consisting of the characterisation of local plastic properties via 

nanomechanical experiments, and new methods for automated characterisation and 

quantification of deformation-induced voids, that has been developed as part of this 

dissertation, utilising automated SEM imaging and deep neural networks. 

This dissertation consists of four research publications, three of which are concerned with the 

characterisation and quantification of emerging microstructural voids and their mechanisms of 

initiation and evolution in dual-phase steel DP800. A scale-bridging experimental and 

computational method that spans from automated imaging, void detection and mechanism 

classification utilising deep neural networks is introduced in publication #1. It therefore 

presents an approach to gain statistically relevant information about damage incidents and 

their originating mechanisms in a way that bridges the gap between the microscale 

mechanism and the global state and quantity of deformation-induced damage on the scale of 

a formed part. As such a method can be applied to larger scale specimens to quantify damage 

behaviour, it is used in publication #2 to unravel the effects of the globally applied stress state 

in a systematic study on the influence of stress triaxiality on damage formation. Due to the 

large field of view, the previously assumed dependency could be proven for a real, 

heterogeneous microstructure, in which the evolution of a single void is dominated by the local 

stress state, exerted by local microstructural properties and morphology. Viewed in the 

statistically relevant ensemble of voids reached with this new approach, the expected 

dependency could be visualised. Having applied the approach to such a systematic study, it 

is applied to a technological forming process in publication #3, namely bending. Here, the 

effect of reduced triaxiality, due to superposed compressive stresses, on void formation could 

be proven due to the microscale measurements of single voids on an area large enough to be 

relevant to the scale of a sheet metal forming process. Publication #4 is thematically 

concerned with characterising the plasticity of α-manganese sulphide (MnS), by applying the 

methods of nanoindentation and micropillar compression. As in many steels besides dual-

phase steels, foreign phases like inclusions are a major cause for damage formation, the 

plasticity of such inclusions is of high interest to research and modelling on this mechanism of 

damage. MnS is a common inclusion phase in many case-hardened steels, which is why the  
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quantitative data on crystal plasticity gathered by this study is a vital addition to the research 

on how the plasticity of inclusions like MnS effect damage initiation. 

As a whole, this work presents an approach to quantify deformation-induced damage on all 

scales, bringing a scientific benefit to the research on damage formation and its mechanisms 

through its considerably increased efficiency. It is applicable for researchers working on all 

steps in the chain of development for damage-tolerant materials and processes, and considers 

all length scales from the fundamentals of plasticity, applicable for crystal-plasticity simulations 

ultimately simulating the process of damage formation, to the research on the damage 

mechanisms itself - through its findings on the dominance of damage mechanisms and the 

observations on stress and strain dependence of initiation and growth. Finally, on the 

macroscopic scale of formed components, this approach originating from the microscale can 

be applied to make the quantification of damage in these parts more accurate and 

representative
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Zusammenfassung 

Das Auftreten von mikrostruktureller Schädigung in Form von verformungsinduzierten Poren 

beeinflusst die Eigenschaften und die Leistungsfähigkeit eines Bauteils auf mehreren Skalen. 

Dieser Prozess beginnt mit der Bildung von mikroskaligen Poren und endet mit 

makroskopischem Versagen aufgrund akkumulierter Schädigung während der plastischen 

Verformung. Aufgrund dieses Multiskaleneffekts muss die Entstehung und Entwicklung dieser 

verformungsinduzierten Poren mit einem Multi-Skalen-Ansatz betrachtet und analysiert 

werden. Ein solcher Ansatz beginnt mit den Mechanismen der Plastizität in einer mechanisch 

heterogenen Mikrostruktur auf der Nanoskala und führt zu den Mechanismen der Schädigung. 

Um weitere Erkenntnisse über die Entstehung dieser Arten von verformungsinduzierter 

Schädigung zu gewinnen, muss der Blickwinkel auf diese kleinskaligen Ereignisse jedoch 

erweitert werden, indem Informationen über eine ganze Fülle von Schädigungsstellen 

gesammelt werden, um statistisch fundierte Aussagen zu erhalten. Im Idealfall kann die Skala 

so vergrößert werden, dass Korrelationen zu globalen Parametern des 

Verformungsprozesses möglich sind, was zu einer Überbrückung der Skalen von 

mikrostrukturellen Mechanismen bis hin zu der Größenordnung führt, die für die 

schädigungskontrollierte Auslegung vollständiger Umformprozesse erforderlich ist. 

Um diese Überbrückung der Skalen zwischen nanoskaligen Untersuchungen zu 

Schädigungsmechanismen und Schädigungsquantifizierung auf der Skala eines geformten 

Bauteils zu erreichen, wird in dieser Arbeit ein komplementärer Ansatz vorgestellt, der aus der 

Charakterisierung lokaler plastischer Eigenschaften mittels nanomechanischer Versuche und 

neuer Methoden zur automatisierten Charakterisierung und Quantifizierung von 

verformungsinduzierten Poren besteht, die im Rahmen dieser Dissertation unter Verwendung 

automatisierter REM-Bildgebung und neuronaler Netze entwickelt wurden. 

Diese Dissertation besteht aus vier Forschungspublikationen, von denen sich drei mit der 

Charakterisierung und Quantifizierung von mikrostrukturellen Poren und deren Mechanismen 

der Entstehung und Evolution in Dualphasenstahl DP800 befassen. In Publikation #1 wird 

eine skalenübergreifende Methode vorgestellt, die sich von der automatisierten Bildgebung 

über die Erkennung von Poren bis hin zur Klassifizierung der Mechanismen unter Verwendung 

von tiefen neuronalen Netzen erstreckt. Damit wird ein Ansatz vorgestellt, um statistisch 

relevante Informationen über Schädigung und deren Entstehungsmechanismen zu gewinnen, 

der die Lücke zwischen dem Mechanismus auf der Mikroskala und dem globalen Zustand und 

der Quantität der verformungsinduzierten Schädigung auf der Skala eines technologischen 

Bauteils überbrückt. Da eine solche Methode zur Quantifizierung des Schädigungsverhaltens 

auf Proben größeren Maßstabs angewendet werden kann, wird sie in Publikation #2 

verwendet, um die Auswirkungen des global angelegten Spannungszustands in einer 

systematischen Studie über den Einfluss der Spannungsmehrachsigkeit auf die 

Schädigungsbildung zu entschlüsseln. Aufgrund des vergrößerten Sichtfeldes konnte die 

zuvor angenommene Abhängigkeit für ein reales, heterogenes Gefüge nachgewiesen 

werden, in dem die Entwicklung einer einzelnen Pore durch den lokalen Spannungszustand 

dominiert wird, der durch lokale Gefügeeigenschaften und Morphologie ausgeübt wird. 

Betrachtet man das mit diesem neuen Ansatz aufgenommene statistisch relevante Ensemble 

von Poren, wird die erwartete Abhängigkeit sichtbar. Nach der Anwendung des Ansatzes auf 

eine solche systematische Untersuchung wird er in der Publikation #3 auf den 

technologischen Umformprozess des Biegens von Blechen angewandt. Hier konnte die 

Auswirkung der reduzierten Spannungsmehrachsigkeit durch überlagerte Druckspannungen 

auf die Porenbildung durch die Messung einzelner Poren auf einer Fläche nachgewiesen  
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werden, die groß genug ist, um für den Maßstab eines Blechumformprozesses relevant zu 

sein. Publikation #4 befasst sich thematisch mit der Charakterisierung der Plastizität von α-

Mangansulfid (MnS) unter Anwendung nanomechanischer Methoden. Da in vielen Stählen 

außer Dualphasenstählen, Fremdphasen wie Einschlüsse eine Hauptursache für die Bildung 

von Schädigung sind, ist die Plastizität solcher Einschlüsse von hohem Interesse für die 

Erforschung und Modellierung dieses Schadensmechanismus. MnS ist eine häufige 

Einschlussphase in vielen Einsatzstählen, weshalb die in dieser Studie gesammelten 

quantitativen Daten zur Kristallplastizität eine wichtige Ergänzung für die Erforschung der 

Auswirkungen der Plastizität von Einschlüssen wie MnS auf die Schadensentstehung 

darstellen. 

Insgesamt stellt diese Arbeit einen Ansatz zur Quantifizierung verformungsinduzierter 

Schädigung auf allen Skalen vor, der durch seine erheblich gesteigerte Effizienz einen 

wissenschaftlichen Nutzen für die Erforschung der Schädigungsbildung und ihrer 

Mechanismen bringt. Sie ist für Forscher anwendbar, die an allen Schritten in der Prozesskette 

für schädigungstolerante Materialien und Prozesse arbeiten, und berücksichtigt alle 

Längenskalen von den Grundlagen der Plastizität bis hin zur Erforschung der 

Schädigungsmechanismen selbst - durch ihre Erkenntnisse über die Dominanz von 

Schädigungsmechanismen und die Beobachtungen zur Spannungs- und 

Dehnungsabhängigkeit von Initiierung und Wachstum. Auf der makroskopischen Skala 

geformter Bauteile schließlich kann dieser aus der Mikroskala stammende Ansatz angewandt 

werden, um die Quantifizierung von Schädigungen in diesen Bauteilen genauer und 

repräsentativer zu machen 
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1. Motivation 

The formation of microstructural damage during forming processes has, in recent years, 

become a major factor in designing damage tolerant processes and materials. Dual-phase 

steels as a technologically relevant type of advanced high-strength steels (AHSS) are often 

studied, as they exhibit a mechanically heterogeneous microstructure [1] and are therefore 

prone to the partitioning of stresses and strains during deformation [2], resulting in the 

formation of microstructural voids. The formation of damage in these steels is of high 

technological interest, as they are widely applied in the automotive sector, due to their high, 

linear strain-hardening behaviour, strength and ductility. For this class of steels, the 

fundamental mechanisms of void initiation due to plastic deformation have previously been 

identified [3] – however, the thorough investigation of their dominance and effect on global 

damage behaviour under various loading conditions still remains to be carried out in a way 

representative for the design of damage-tolerant forming processes. 

The field of materials physics, being classically concerned with micro- or even nano-scale 

mechanisms, has always been challenged to link its findings up to the scale where they 

become relevant for technological application. Therefore, the engineering of materials is 

always an approach to bridge the scales between small-scale mechanisms, taking place in a 

multitude of places and ways simultaneously when regarded on the scale that determines the 

properties of a technological workpiece in application. As an example for a successful 

methodical bridging between these two points of view, the research on recrystallisation and 

grain growth processes can be mentioned. Being highly relevant to the application in the field 

of engineering due to its large and quantifiable impact on bulk mechanical properties [4, 5], 

the processes contributing to this empirical relation take place on a much smaller scale. 

Separately from this context, the underlying mechanisms of grain boundary migration can be 

researched upon on their native length scale [6]. Separating the viewpoints of bulk properties, 

and mechanisms leading to the atomic scale of grain boundaries, are not only length scales 

but also methodical developments that are capable of both depicting the microscopic 

processes and their overall impact on the global microstructure. Concerning recrystallisation, 

such methods are nowadays widely-used in the scientific community, enabling a statistical 

approach to the occurring processes by the use of X-Ray diffraction measuring the evolution 

textures [7] and measurement of multiple grain orientations via electron backscatter diffraction 

(EBSD) [8]. Statistics of a multitude of grains, orientations and grain boundaries are therefore 

the key to understanding the macroscale properties via the changes in microstructure. Such 

a link in experimental methodology between the research on fundamental damage 

mechanisms with microscale methods [9, 10], and the ultimate effect of the entirety of 

occurrences of these mechanisms on properties and part performance [11] is still largely 

missing. While findings have been correlated to bulk properties [12, 13], and in the field of 

simulation [14], a true scale-bridging experimental approach would have to deliver both 

detailed information on the scale of the emerging voids, and statistical data on a plethora of 

simultaneously emerging and evolving sites. 

On the one hand, local observations at the microscale do not necessarily yield a complete and 

applicable picture of global damage formation in a deformed region, which in turn are 

necessary to assess the quantity and severity of damage. On the other hand, a pure 

quantification of damage over large areas or volumes as an integral quantity is not capable of 

revealing any insights on the ongoing mechanisms of void evolution, or data about the 

morphology of voids and their adjacent microstructure, preventing a thorough characterisation 
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and understanding of void formation mechanisms. This discrepancy clarifies the need for a 

method that bridges the gap in scales between microscale observations and macroscale sheet  

metal forming processes. A globally applicable tool for both the quantification and 

characterisation of individual damage sites, and large-scale, statistically relevant 

observations, has been developed in [15 - Publ. #1]. This approach, shown schematically in 

Figure 1, is able to quantify the dominance of certain mechanisms of void formation on a 

statistically sound scale, yielding detailed insights on both microscale damage mechanisms 

and damage assessment on the scale of formed parts. 

 

 

 
Figure 1: Structure of this dissertation, consisting of four peer-reviewed research publications 

 

Being able to quantify not only the cumulative damage quantity with the applied method, but 

also gain statistical data on each individual void, however, enables a thorough and systematic 

statistical investigation of damage that was carried out in [16 - Publ. #2]. Regarding stress-

state dependence, the question arises whether or not the classically assumed influences of 

stress and strain on the evolution of voids still are valid in a real microstructure. In a 

commercial dual-phase steel, the evolution of each void is largely governed not by a global 

continuum stress state, but by the local stress state, exerted through local microstructural 

constituents and their morphology. As proposed by several approaches to modelling damage, 

like by Rice & Tracey [17] or Gurson [18], the globally applied stress state has a major 

influence on the growth of voids, while the applied strain is the main influence factor on the 

nucleation of new damage sites. Prior to the failure of the material, shear bands are often 

claimed as a main influence on the coalescence of voids, leading to fracture [19]. However, 

these correlations have largely been proven for isotropic model materials [20], due to being 

unable to perform observations on a quantity of voids large enough to overcome the above-

mentioned influence of the local microstructure and achieve a sound statistic on void sizes.  
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Applying the framework of automated imaging, detection and characterisation of voids in [15 

- Publ. #1] to systematically chosen samples that differ in their global stress state, the 

proposed effect of triaxiality and strain on void evolution was demonstrated to be still valid 

when regarding not an isotropic model material, but the process of damage formation in a 

morphologically complex microstructure of a commercial dual-phase steel. 

Due to the large-scale capabilities of the introduced method from [15 - Publ. #1], the result of 

altering the stress state during a real forming process, in order to supress damage formation, 

can now be investigated by quantifying the damage incidents observed microscopically, but 

on a scale relevant for a technological workpiece [21 - Publ. #3]. This transfer to a 

technological process showcases the power of the introduced method to a relevant 

application, being capable of assessing damage on the scale of a formed part, with nothing 

but measurements taken on the microscopic scale of a single void. Exemplarily, this has been 

shown by regarding geometrically identical bending samples, that have been processed on 

different strain paths in [22], utilising the framework presented in [15 - Publ. #1]. The results 

obtained here clearly show that specifically engineering a forming process is capable of 

controlling the quantity of damage introduced to a workpiece in the application of sheet metal 

bending. 

Complementary to the introduction and application of this novel, automated approach to 

characterising and quantifying microstructural damage, it is equally important to characterise 

the plasticity of the different phases of the mechanically heterogeneous microstructure, as a 

(simulative) prediction of damage is only feasible and reliable if the plasticity of all 

microstructure constituents is represented in a realistic way. For dual-phase steels, the 

plasticity of body-centred cubic (bcc) ferrite [23], as well as the structurally much more complex 

martensite [24], has been characterized previously using nanoscale experiments. Due to the 

mechanical contrast of these two phases, damage formation in dual phase steels is dominated 

by mechanisms intrinsic to the steel microstructure. However, many other steels used for bulk 

metal forming processes show a damage formation behaviour dominated by the initiation of 

voids at foreign phases like non-metallic inclusions. The main aspects of plastic behaviour at 

room-temperature, including hardness and active crystallographic slip systems and their 

critical resolved shear stresses (CRSS) are quantities valuable for the simulation of 

microstructural behaviour during forming of such steels. Out of this motivation, these were 

determined using the nanomechanical methods of nanoindentation and micropillar 

compression. 

In summary, this work is motivated by the importance of explicit quantification for 

understanding the mechanisms and processes of damage formation on all scales from crystal 

plasticity to large-scale damage quantification relevant for a forming process. As the formation 

of damage begins with the plasticity of phases, nanomechanical methods deliver valuable, 

quantitative insights on the deformation behaviour on the nanoscale. The resulting 

mechanisms of void formation are observed and characterized on the microscale, using 

modern electron microscopy methods and taken to a level of statistical significance, generated 

by thousands of voids, with the aid of novel approaches in evaluating large-scale but high-

resolution micrographs using deep-learning neural networks as a powerful tool for data 

evaluation. Ultimately, microscale observations of singular damage incidents are therefore 

taken to the level that makes it possible to systematically quantify the reached endeavours in 

controlling damage in forming processes, on the required scale of a formed workpiece. This 

approach spanning over the scales from nanoscale mechanisms of plasticity and damage 

initiation to the scale of a tensile sample or a forming process, is presented schematically in 

Figure 1. 
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2. Background on damage and deep learning 
2.1 Definition of damage 

The concept of damage, occurring during the deformation of metals, has for many years been 

addressed in various fields of materials engineering. Primarily, the research interest originates 

from the goal of a qualitative and quantitative understanding of damage introduced to a 

deformed microstructure, in order to both calculate necessary safety factors of parts and 

reliably assessing their expected service lifetime. To achieve this goal, damage has been 

described in a conceptual way that enables mathematical and simulative approaches [17, 18, 

25], and researched upon experimentally to gain physical knowledge about damage 

mechanisms, and their relations with the applied deformation and individual material [26, 27]. 

As the research and conceptualisation of damage is carried out interdisciplinary over many 

fields, stretching from mechanics and mathematical modelling to materials science and the 

application in forming technology, it is equally challenging to find a common definition for the 

fundamental term “damage”, as to different applications and viewpoints, damaging behaviour 

to a part, material or microstructure is not necessarily a congruent concept. 

As damage therefore has to be described and discussed in these various fields which are 

concerned with its formation, simulation, and impact on a final product, different approaches 

and definitions are utilized. From a technological point of view, the relevance of damage 

begins with the degradation of mechanical properties, which have an effect on the final, formed 

product – both in terms of mechanical strength [28] and fatigue behaviour [11]. As a materials 

scientist however, the focus in investigating the formation of damage lies in understanding the 

mechanisms that lead to the initiation of damage. As the causes for the formation of damage 

typically are to be found in the mechanical heterogeneity in the microstructure of a material 

[29], the partitioning of strains is responsible for the formation of voids [27] – this process is 

typically considered damage [30]. With modern methods like in-situ digital image correlation 

(DIC), this partitioning can be researched upon with respect to its impact on the formation of 

damage [9, 31]. Damage is therefore described as the formation of voids, or in a more general 

way, new surfaces [32].  

 

“Ductile damage causes the degradation of physical properties, in particular of mechanical 

properties, due to microstructural defects. These defects are characterized by the formation 

of new surfaces. In structural materials voids and micro cracks initiate 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.” [32] 

 
As the definition given by Hirt et al. in [32] additionally refers to specific mechanisms of void 

initiation, it becomes clear that the manifestations of these mechanisms leading to voids during 

deformation largely differ between regarded materials. While the formation of voids does occur 

with a variety of mechanisms, from brittle fracture observed at hard phases [33], semi-brittle 

mechanisms like the initiation of cracks in martensite [24, 34] to ductile decohesion processes 

of interfaces [10], the underlying cause is to be found in the contrast in mechanical behaviour 

between microstructure constituents. Before the onset of such processes of void initiation, 

which is regarded here as the onset of damage formation, the localisation in mechanisms of 

plasticity can be observed as in the movement and agglomeration of dislocations [35]. In 

contrary to the process of dislocation agglomeration in grains and at interfaces however, the 
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processes of decohesion and fracture that it might cause in a heterogeneous microstructure, 

are non-reversible. This approach has been considered in works in the fields of simulations 

and mathematical modelling [36] as well as applied in studies that set out to quantify the impact 

of damage on mechanical properties in order to separate the effects of (reversible) 

mechanisms like strain hardening and damage processes [28]. With these considerations 

about damage, it seems feasible to approach a definition of deformation-induced damage with 

three main characteristics: The degradation of mechanical properties, the formation of voids 

due to mechanical contrast between microstructure constituents, and the irreversibility of 

these processes. Therefore, a definition of deformation-induced damage is proposed: 

Damage is the result of irreversible microstructural mechanisms, leading to a degradation of 

mechanical properties and performance of a material, typically through the formation of new 

internal surfaces due to intrinsic mechanical heterogeneity of a material. 
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2.2 Damage mechanisms in dual-phase steels 

Consisting of hard martensitic and softer ferritic constituents, dual-phase steels show a 

pronounced microstructural heterogeneity intrinsic to their steel matrix. Processes of void 

nucleation occur due to partitioning of stresses and strains between these constituents [37, 

38]. The classically identified causes of microstructural voids – deformation-induced or not – 

are the decohesion of martensite-ferrite interfaces, the cracking of martensitic regions and, 

more rarely observed, damage to ferrite-ferrite grain boundaries, as well as voids at non-

metallic inclusions [39] (Figure 2). 

 

 
 

Figure 2: Observed fundamental mechanisms of void formation in dual-phase steels (a-f), 
reproduced from [3] and patterns due to microstructural morphology, reproduced from 
[40]. (a) Martensite cracking, (b,c) Martensite-Ferrite interface decohesion (c from in-situ 
experiment), (d) damage to ferrite grain boundary, (e) void in grain interior, (f) void 
around inclusion. (g) “necklace”-type void pattern along narrow band of martensite, (h) 
large martensite cracks in a wide martensite band. 

 

While these causes for voids are largely undisputed in their existence [3, 41, 42], the 

identification of a dominant mechanism, with respect to the used microstructure and 

deformation path, is still subject of discussion. While martensite cracking is proposed as the 

main cause for deformation-induced damage by Mazinani et al. [43], Avramovic-Cingara et al. 

identify the decohesion of ferrite-martensite interfaces as the dominant mechanism [42]. 
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However, differences due to the microstructural morphology of the investigated dual-phase 

steel grades are observed, a dependence also found by Hoefnagels et al. [3]. The reason for 

these differences is attributed to the wide variety of dual-phase steel microstructures. As the 

most widely-used nomenclature for dual phase steels, “DP600 / 800 / 1000” only specifies the 

ultimate tensile strength and the microstructure consisting of a ferritic / martensitic dual-phase 

structure, a plethora of parameters determining the microstructure and therefore the damage 

behaviour remain unspecified: thermomechanical Processing from austenite using various 

routes and annealing parameters [30, 44], martensite volume fraction [45], distribution and 

morphology [3, 42, 46, 47], mechanical contrast between the two phases [23], or ferrite grain 

size [30]. Such differences and the variation in the resulting shapes and patterns of voids are 

shown in Figure 3. 

 
 

Figure 3: Effects of microstructural morphology on damage formation behaviour. (a) void patterns in 
two DP600 grades, the first image shows large voids in a martensite band in the middle of 
the sheet, while the other shows more homogeneous distribution of voids, reproduced from 
[42], (b) two dual-phase steels different ferrite grain sizes, coarse-grained (CG) and ultra-
fine-grained (UFG), showing a tendency for large martensite cracks (CG) compared to 
nucleation and growth of smaller voids in and adjacent to martensite islands (UFG), 
reproduced from [30] 

 

An agreement exists upon the fact that porosities due to inclusions are typically found in DP 

steels, however not considered deformation-induced, as in other materials [48], as in these 

dual-phase steels, the strain partitioning due to the martensite and ferrite constituents is 

causing the major part of void initiation. From the results reported in [15 - Publ. #1], it was 

proven that the quantity of observed voids at inclusions is not affected by strain, therefore not 
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being of related to deformation. This consideration is, however, proprietary to materials that 

show a high mechanical contrast due to their intrinsic structure of constituting phases, like 

dual-phase steels or intermetallic-reinforced alloys [33]. Especially in case-hardened steels, 

void nucleation and growth at non-metallic inclusions is the primarily observed damage 

mechanism [13]. While the identification of the relevant damage mechanisms in dual-phase 

steel grades can be considered complete [3, 39, 49], detailed characterisation and 

understanding of these fundamental mechanisms is still topic of ongoing research [24, 50] and 

method development. While modern scanning electron microscopes (SEM) are able to deliver 

high-resolution images of damage sites, classically applied SEM observations of 

microstructural damage suffer from two intrinsic shortfalls: Firstly, high-resolution 

characterisation always trades off resolution for the size of the field of view, meaning a 

simultaneously thorough characterisation of a large number of damage sites is classically 

compromised [2], while delivering deep insights on spatially defined proportions of the 

microstructure. Secondly, post-mortem observations of damage always lack not only the third 

spatial dimension, but also the temporal information of the damage mechanism, which both 

can be addressed by the application of modern in-situ deformation equipment and 3D-slicing 

technologies [3]. Due to the lack of temporal information without the application of in-situ 

methods, an equally challenging point is the exact attribution of a singular damage site to an 

individual damage mechanism. The fundamentally described mechanisms in dual-phase 

steels (Figure 2) develop in a highly complex microstructure, that makes the evolution of every 

single observed site dominated by local microstructure morphology. Furthermore, a 

simultaneous procedure or lapse of various of these mechanisms has been observed [39], 

and damage patterns been named in more phenomenological manners like “necklace-type 

coalescence” [40]. This lays an additional challenge on the objective of automating damage 

recognition and characterisation, in order to receive exact representations of the occurrence 

and dominance of damage mechanisms, as an observed damage site is not necessarily, in a 

post-mortem observation, clearly attributable to a single fundamental mechanism of damage 

initiation. 

Also in-situ-experiments, while being able to unravel the cause of a damage site by comparing 

before- and after states, do suffer from limitations regarding their efficiency and also, accuracy 

that have to be critically discussed when performing such experiments. The major advantages 

of in-situ observations of damage initiation is clearly the ability to compare to an undamaged 

state [22]. Additionally, these types of experiments enable researchers to investigate local 

deformation around special points of interest, like emerging damage sites, using digital image 

correlation techniques [3, 37]. The obtained results can, furthermore, be applied in 

combination with microstructural and crystal plasticity models, to gain insights on the 3-

dimensional behaviour of heterogeneous microstructures like dual-phase steels, leading to 

possible predictions of microstructural sites prone to damage formation [51-53]. However, due 

to their focus on individual damage sites and high resolutions, these experiments remain 

especially site-specific, which is an intrinsic shortfall due to the small number of experiments 

that can be performed with this methodically challenging and time-consuming experiments. 

To gain statistically relevant knowledge, while maintaining the temporal information of in-situ 

experiments remains the main challenge to not only investigate damage in specific 

microstructural places which are strictly dominated by their local stress state, but also find 

more global patterns of damage initiation, that can be used for damage-tolerant microstructural 

design parameters [14]. A second, intrinsic challenge of SEM-based in-situ experiments is 

found in the altered stress state at the observed sample surface compared to bulk, port-

mortem observations [2, 9, 46]. In dual-phase steels, where the microstructural constituents 

are typically made distinguishable in the SEM by topological etching, the notch effect created 
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through the surface topography introduces an additional influence on the visible damage 

formation [54]. As these differences to bulk processes cannot be eradicated, all in-situ 

observations need to be carefully compared to bulk observations and, ideally, compared to 

simulation approaches incorporating and comparing between free surfaces and bulk 

deformation processes. Additionally, comparisons between SEM-based in-situ deformation 

experiments of microstructures [34], and nanoscale tensile samples that do not include large, 

3-dimensional proportions of dual-phase microstructure [24] suggest, that in dual-phase 

steels, the depiction of the ongoing damage mechanisms made by in-situ observations still 

yields a close representation of the bulk mechanisms. Tomography-based in-situ experiments 

are a widely applied way of gaining temporal information about damage formation, without the 

effect of the free surface [55, 56], while in dual-phase steels, losing all microstructural 

information about phase distribution, thus making the identification of mechanisms impossible 

[57]. However, 3-dimensional resolution of voids and phases around damage sites is believed 

to be a powerful tool for unravelling the origin of sites of unclear origin like voids in the interior 

of a grain, as shown in Figure 2e), or the aforementioned “evolved” damage sites”. 

In addition to the direct investigation, characterisation and quantification of microstructural 

damage events, the mechanisms of damage formation can be characterized by modern micro- 

and nanomechanical methods. This approach is totally complimentary to the aforementioned 

characterisation of damage events, since it enables an isolated view on the mechanisms 

contributing to the formation of these damage sites. To achieve such an isolation of a 

microstructural mechanism, it is important to establish the main contributing mechanisms 

leading to the formation of damage, and how to set up an experiment that is capable of 

observing these in a controlled environment. The process of - a what is classically called - a 

damage mechanism typically consists of several fundamental mechanisms on the nanoscale. 

Hence, a variety of nanoscale experiments comes into play when characterising such 

processes of damage formation. The most fundamental approach to the actual mechanism 

forming voids by fracture of microstructure constituents is a nanoscale experiment that 

replicates this process. Here, a widely-used method are micro-cantilever tests, that are 

capable of replicating fracture on the length-scale of microstructural damage in a controlled 

setup [58]. The quantitative result of these tests is typically the fracture toughness of a 

microstructure constituent. Micro-cantilever tests have the advantage of being able to quantify 

the initiation of fracture to a single phase, or even single-crystalline area, while altering the 

stress state from a bulk experiment. This does enable a singular quantification of the 

mechanism, while having to consider additional effects as size effects [59], dislocation pile-

ups and Bauschinger effects [60, 61]. A critical quality of the experiment is the exact geometry 

of the, typically FIB-milled beam and its notch, the latter having a major impact on the crack 

propagation and therefore the quantitative outcome of the investigation [62, 63]. Performing 

such experiments therefore requires both a careful consideration of the chosen geometry and 

an exact manufacturing of the specimens. To determine the property of fracture toughness, 

other microscale experiments have been developed, in the form of double-sided cantilevers 

[64], which ensure a stable crack growth but require an even more complex sample 

preparation and indenter alignment. As these cantilever-based methods are typically used for 

brittle phases, the fracture toughness of interphases can be tested by vertical double cantilever 

bending [65]. 
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Figure 4: Examples of nanomechanical testing for quantifying mechanical properties for damage 

initiation. a) Microcantilever-bending, determining the quantity of fracture toughness, 
reproduced from [66], b) micro-tensile testing of lath martensite, coupled to EBSD 
investigations, reproduced from [67], c) Micropillar-compression to determine active slip 
systems and their CRSS in ferrite, reproduced from [23] 

 

While the fracture toughness of microstructural constituents is a highly valuable quantity, 

especially for the modelling of damage formation, damage initiation is governed by the 

deformation behaviour on a microstructural level. Therefore, microscale experiments 

determining the plastic behaviour of the constituting phases are a key element of 

understanding, and ultimately, modelling the material behaviour leading to the initiation of 

damage sites. Such approaches have been carried out on the constituting phases of dual 

phase steels, ferrite and martensite, by both micropillar compression [23] and micro-tensile 

testing [24]. While distinct gradients in hardness can be resolved by using nanoindentation 

[68], the thorough investigation of the plastic behaviour and crystal plasticity through the 

application of micropillar compression yields complete, quantitative picture of the plasticity of 

the constituting phases [69, 70], while when utilising nano-scale methods, size-effects remain 

to be discussed [71, 72]. To determine the plastic properties of phases, micropillar 

compression tests can determine activated slip systems and quantify their critical resolved 

shear stresses (CRSS) [73]. 
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2.3 Deep learning in materials science 

Considering all these methods applied to investigate patterns and mechanisms of 

deformation-induced damage in such microstructures, it becomes clear that a thoroughly 

modern and high-throughput approach is vital when aiming to achieve both statistically 

relevant quantification and small-scale, physical information. Processing large amounts of 

data while simultaneously automating the characterisation of features is an aim that has, in 

recent years, been achieved using artificial intelligence in the form of neural networks, and 

has gained more and more applications in the field of materials science [74-76]. However, the 

application of deep learning algorithms in the field of materials science can go beyond the 

extraction and classification of microstructural features. In principle, deep learning methods 

have been applied in materials science in two significantly diverging ways: Firstly, for efficient 

characterisation of features, as mentioned above, greatly boosting the achievable throughput 

of data, and therefore, the statistical dependability of the obtained, quantitative results [75-79]. 

Similar approaches have also been made applicable by the integration in commercial or open-

source software [80]. The second, widely-applied and discussed application for neural 

networks in the field is the “rational design” idea to utilize deep learning to predict material 

properties from input data like composition or molecular structure – or vice versa [81-83]. In 

materials science, this approach has been intensively carried out for the design of novel high-

entropy alloys, as the prediction of properties from composition is a major goal in the 

development of such materials [81, 83, 84]. These approaches have been described by Butler 

et al. as three stages, the first predicting properties by using structure as input data, the second 

predicting both structure and properties by knowing composition only, and the third predicting 

all three of these using more abstract chemical and physical data, leading to a true “statistically 

driven design” of structures and materials [85]. A third application of deep learning methods 

to the design of materials can be found in the artificial design of microstructures from 

experimental data, such as parameters of microstructural morphology, creating artificial 

microstructures applied in computational approaches to simulate material behaviour. While 

such microstructures are classically created by means such as the Voronoi tessellation [86], 

deep-learning based approaches are able to render a more exact replication of the real 

material, by considering more parameters and their individual cross-correlations which are 

highly complex and not obtainable without using machine learning approaches as a tool for 

fitting [87, 88]. In the field of atomistic simulations of materials, neural networks are applied to 

reliably approximate potentials with a multitude of influence variables [89, 90]. 
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3. Materials and methods 
3.1 Materials used in this work 

For the scientific publications part of this dissertation, two commercial dual-phase steels were 

used. The first, applied as “microstructure #1” in [15 - Publ. #1], was the same dual-phase 

steel sheet metal that was also used for the studies carried out in [21 - Publ. #3] as well as [16 

- Publ. #2]. This material was supplied by ThyssenKrupp Steel Europe (Germany). For 

comparing the quantity of damage events between two different, commercial dual-phase 

steels that both fall into the DP800 norm, a second sheet metal was investigated in [15 - Publ. 

#1], which is also a commercial DP800 dual-phase steel, by ArcelorMittal SA (Luxembourg). 

 
 

Figure 5: a) Stress-Strain curves of both dual-phase steels applied in this work, reproduced from 
[23]. b) SE-images of the two microstructures, with visibly “sharper” martensite 
morphology in Microstructure #1. Both images depict the RDxTD plane. 

 

As visible from the data in Figure 5, both steels exhibit a martensitic-ferritic dual-phase 

microstructure, and an ultimate tensile strength (UTS) greater than 800 MPa. Differences are 

to be found, mechanically, in the ultimate elongation achievable (Figure 5a), and, concerning 

the microstructure, in the morphology of the martensitic constituents. While Microstructure #1 

shows a more faceted morphology of the martensite islands, that are typically interconnected, 

Microstructure #2 contains more rounded, isolated islands. A strong banding of the martensite 

phase along the sheet thickness is visible in Microstructure #1, which is not the case in the 

second material used in this study. 

All dual-phase steel samples used in the present research were cut from the initial material 

using electrical discharge machining (EDM). Metallographic sample preparation consisted of 

grinding (1200 to 4000 grit), mechanical polishing (6, 3 and 1 µm diamond suspension, on 

Struers DAC polishing cloths and OPS polishing on ATM Omega polishing discs), and 
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subsequent cleaning of the samples with a soap / water mixture. The samples were then 

etched in 1% nital (HNO3 in ethanol) for 5 s to reveal the microstructure by topological etching. 

For the study on MnS plasticity presented in [91 - Publ. #4], an X30MnAl17-1 steel grade in 

its as-cast state was used ensuring a plastic zone of the nanoindents completely inside the 

MnS inclusion. Due to the morphology of MnS inclusions in case-hardened steels like 

16MnCrS5, which are typically forward extruded, this material was chosen instead. The 

material was kindly supplied by the steel institute (IEHK) at RWTH Aachen University. The 

inclusions found in this steel were verified by EDX measurements to be α-MnS inclusions. 

 

3.2 Deep-learning-based characterisation of damage mechanisms 

To achieve an efficient, small-scale but high-throughput classification and quantification of 

occurring damage sites in deformed samples, the process of detecting and characterising 

damage sites was automated. The method developed in a fundamental study [15 - Publ. #1] 

was applied on bending samples of varying stress states [21 - Publ. #3] to quantify 

deformation-induced damage sites in favour of all microstructural voids, which was enabled 

by the automated classification for the mechanisms of void formation. In [16 - Publ. #2], the 

same approach was used to quantify the occurrence, size and morphology of deformation-

induced voids and correlate the findings to their dependence on the global stress state in the 

sample, exerted through a variation of tensile geometries. 

The approach developed in [15 - Publ. #1] is a framework containing three steps of processing 

the SEM images (Figure 6), which are automatically acquired in a rectangular pattern by 

secondary electron imaging at 20 kV. Adjusting the SEM settings and therefore imaging 

conditions, is principally possible, but may require additional training of the subsequent neural 

networks or steps of augmentation of the training data as applied in [92]. As a first step, these 

panoramic SEM images are processed with a grayscale threshold separating black voids from 

the grey steel matrix (martensite and ferrite), which are then detected using a data clustering 

algorithm DBScan [93]. This way, not the greyscale threshold is utilised for measuring the 

voids, but for detecting the sites only, which is performed by the clustering algorithm. The 

coordinates (centroids) of the sites are then given over to an image processing, which crops 

the panoramic image around these sites, using windows of 250x250 px. Further processing is 

therefore not performed on the whole acquired SEM image, but on the individual images 

containing the detected damage sites in their centre. 
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Figure 6: Structure of the framework with both neural networks [15 - Publ. #1] 

 

After this first step of void detection / recognition, the cropped images are given over to the 

first neural network, which is trained to separate voids at inclusions or voids due to inclusions 

fallen out of the polished surface during metallographical preparation, from deformation-

induced voids. For this purpose, the network InceptionV3 is used [94] and trained by the use 

of almost 5000 manually labelled voids, approximately 10% of which were inclusions [15 - 

Publ. #1]. The sites labelled as inclusions are then not processed any further by the 

framework. The sites that are recognised as deformation-induced damage need to be 

classified regarding their micromechanical mechanisms of origin, which is the purpose of a 

second, in-house conceived neural network that classifies the deformation-induced sites into 

further categories. As conceived originally in [15 - Publ. #1], the classes this network is trained 

to recognise are martensite cracks, interface decohesion sites, and a third category called 

“notch”. This category has been set up in order to contain those, typically very small damage 

sites, which are set in between two martensite islands, originally either at a very narrow 

segment of a martensite particle where a martensite crack has subsequently initiated, or 

between two sharp ends of originally separated particles. After void initiation at these sites, 

the original mechanism is not to be determined without a 3-dimensional view or a temporal 

information from an in-situ experiment [15 - Publ. #1]. As both mechanisms are initiated at 

these specific sites due to a local stress concentration (“Notch effect”), a separate category 

was introduced, as the main cause for damage here is not to be found in the mechanism, but 

in the local microstructure and the caused stress concentration by it. In further iterations of the 

setup, additional categories were introduced to improve the performance [92]: “Shadowing” is 

used to rule out any inadvertent detection of dark areas that are not caused by voids, but by 

the topology of the etched surface and the resulting shadows that are visible in SE images. 
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Also, the strategy of data augmentation was used to improve the classification accuracy in 

images from different imaging conditions, SEMs, and also a wider variety of stress states. 

As the original network was trained on tensile samples, a variation of the stress state will alter 

the morphology of damage sites, like typically vertical martensite cracks that will change in 

orientation with a biaxial stress state [92]. The second network receives a cropped version of 

the original void images, of 100x100 px, as inclusions are typically much larger voids than 

deformation-induced voids. This way, the second network receives less data not related to the 

void in terms of surrounding microstructure. The final result of classification are labelled 

images of every detected damage, and a file containing a centroid and mechanism for all sites 

in the format .json. Both output types can be read by MATLAB scripts and undergo further 

processing in relation to the original panoramic image. For quantification of damage and 

statistics of void sizes and morphologies based on measurements of all individual voids 

contained on the acquired images, each individual void is measured using a watershed 

algorithm [21 - Publ. #3], also data about the shape of the void like aspect ratio and angle 

towards the horizontal axis are gathered for every individual detected void. A transfer of this 

approach to other material systems is equally possible, as the detection of voids is, in principle, 

possible in any SEM micrograph. Parts of the framework like the detection of voids have been 

applied to other material systems like Mg-Al-Ca alloys with an intermetallic skeleton [33]. 
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3.3 In- and ex-situ deformation 

For the investigations on deformation-induced damage carried out in this work on dual-phase 

steel, deformed samples of various origins, from tensile samples with varying geometries (in- 

and ex-situ deformed) to parts originating from forming processes, were investigated. Here, a 

separation has to be drawn between ex- and in-situ deformation. While all bending samples 

in [21 - Publ. #3] as well as all tensile samples in [16 - Publ. #2] have been metallographically 

prepared after deformation, and beforehand cut by the use of EDM machining so that the 

investigated specimens were cut out of the middle of the bending / tensile samples, the 

miniaturised tensile samples utilised in [15 - Publ. #1] were deformed partly ex- and partly in-

situ. The ex-situ deformed samples were metallograhically prepared as a complete specimen, 

thus not ground down or machined to their mid plane. However, due to metallographical 

preparation after the deformation, it is ensured, that enough material is removed by grinding 

and mechanical polishing that the state of deformation and damage formation is not to be 

considered at the surface of the sample, but in the bulk material. The in-situ samples from [15 

- Publ. #1], however, mark a different methodical approach and, due to the investigations on 

a polished surface, possible alterations in stress state, and therefore damage behaviour, which 

is introduced due to the free surface on which the SEM investigations are carried out. This 

alteration is to be considered when performing this type of in-situ deformation experiments, 

especially when focusing on highly stress-state sensitive processes like damage void initiation 

and growth. As observed in [15 - Publ. #1], due to the hard and brittle nature of martensite, at 

least the mechanism of martensite cracking shows a strong resemblance to the observations 

on ex-situ bulk samples, so that conclusions drawn from in-situ investigations can securely be 

drawn concerning this mechanism. As ferrite shows significantly more plasticity then 

martensite when deformed as a dual-phase composite, artefacts of in-situ experiments are to 

be expected in this phase, as shown in Figure 7 as well as in Figure 2c). 

 
 
Figure 7: Examples of the formation of surface artefacts created in in-situ experiments, following the 

phase boundaries to martensite, in ferrite regions. (a) reproduced from [2], (b) reproduced 
from [27]. 
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Here, we see severe plasticity in the ferritic phase, not only altering the stress state at the 

surface, but also subsequently altering the initiation process of voids by the decohesion of 

martensite/ferrite interfaces. In this work, we therefore focus on observations on martensite 

cracking from in-situ experiments and limit the deformation undergone in-situ to few percent 

of global plastic strain. This is achievable by pre-deforming the samples ex-situ to strains of 

around 11-14%, depending on the sample geometry and used grade of dual-phase steel, just 

before a significant amount of damage sites start to initiate. In this way, a much smaller amount 

of few % of global strain of in-situ deformation is necessary to visualise the initiation process 

of damage sites in the in-situ experiment, so that the formation of artefacts is largely 

supressed. The inevitable formation of slip traces at the surface in such experiments is not 

regarded as unfavourable for the assessment of damage, in contrary to the formation of large 

surface artefacts as shown in Figure 2. 

 

3.3 Nanoscale characterisation of damage mechanisms 

To determine the plastic properties of a common inclusion phase in various case-hardened 

steels, α-Manganese sulphide, nanoindentation and micropillar compression were applied. 

These nanomechanical testing methods form a complimentary approach, being able to supply 

data on hardness of the inclusions as well as strain-rate sensitivity from standard 

nanoindentation using the Oliver & Pharr method [95] and strain-rate-jump testing [96]. To 

gain information on the crystal plasticity of MnS, which crystallises in a face-centred cubic 

structure with a two-atom basis, essentially forming a simple cubic ionic crystal, micropillar 

compression was carried out, yielding the active crystallographic slip systems and their critical 

resolved shear stresses (CRSS). The micropillars were milled using a focussed ion beam (FIB) 

on an FEI Helios 600i. Micropillar dimensions were 2 µm in diameter and 4 µm in height, with 

minimal tapering. The micropillars were compressed in an indenter by Nanomechanics .Inc., 

USA. The crystal orientations of all inclusions used for micropillar milling were determined by 

EBSD, equally in an FEI Helios 600i, using an EDAX EBSD detector. From the deformed 

micropillars, slip planes were identified by measuring the angle of the slip plane with a tilt 

correction according to equation 1 and confirmed for exemplary micropillars using lift-out 

EBSD. 

 

 𝛾90 = 𝑎𝑟𝑐𝑡𝑎𝑛(𝑡𝑎𝑛(𝛾45) ⋅ √2) (1) 

 

As the micropillars showed a continuous yielding, the yield stress was determined via an Rp0,2 

criterion, taking the stress at 0.2% plastic deformation as the yield stress to determine the 

critical resolved shear stress (CRSS). After deformation, central slices were cut out from the 

micropillars using FIB, to perform further EBSD measurements of the whole vertical cross-

section of the deformed pillars, confirming the observed slip planes and measuring the change 

in crystal orientation due to the activation of these slip systems [97]. 
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4. Research publications 

The main part of this dissertation consists of four peer-reviewed research publications in 

international journals.  

After having exemplarily shown this method for the characterisation of phase plasticity to 

enhance the possibilities of simulating the onset of damage initiation, the further work carried 

out for this dissertation is concerned with the formation of microstructural damage in dual 

phase steels. To establish a scale-bridging approach that is able to investigate the damage 

events on the microscale with high resolution while simultaneously gaining the ability to view 

large areas of microstructure, automation via deep neural networks was introduced to the 

characterisation of voids. This approach was applied in the second research publication, 

“Large-area, high-resolution characterisation and classification of damage 

mechanisms in dual-phase steel using deep learning” [15 - Publ. #1] to the exemplary 

process of sheet metal bending. In this publication, an approach based on the automated 

detection and classification on large-scale, high-resolution SEM micrographs is presented and 

its benefits are shown by applying it to ex- and in-situ tensile testing of two dual-phase steel 

microstructures. In this way, a major gain in throughput and efficiency of the investigations on 

damage on the microscale is realised. By applying automation using the neural networks that 

have been set up in this work and trained to classify each of the thousands of voids emerging 

in a microstructure, the research on damage mechanisms that has previously mainly been 

carried out on a singular or a restricted number of damage sites [3], could be brought to a 

statistical level joining different length scales of microstructural investigations [2] and 

applications like forming processes [48]. 

The idea of not only obtaining statistics of individual voids but also examining the correlation 

to global stress and strain parameters has been undertaken in the fourth research publication, 

“On the effect of strain and triaxiality on void evolution in a heterogeneous 

microstructure – A statistical and single void study of damage in DP800” [16 - Publ. #2]. 

In this work, the large-area void characterisation is coupled to FEM simulations, in order to 

systematically investigate the dependence of void formation on the applied strain and stress 

state. To achieve this, differently notched tensile samples were deformed to fracture and 

subsequently analysed along the tensile axis in the middle of the sampled area  with fields of 

view as large as 300 x 600 µm. This study allowed to validate concepts of void growth being 

governed by triaxiality as proposed by Rice and Tracey [17] and widely applied in the Gurson 

model [18]. The novelty in this work lies in the proof of such concepts for the complex 

microstructure of a commercial dual-phase steel. In such a highly heterogeneous 

microstructure, the local stress state effected on every single void makes it unfeasible to 

discuss the nucleation and growth of an individual void depending on the globally applied 

stress state. With the gained statistics of the magnitude of 103 - 104 voids in each sample 

however, this publication shows that the proposed dependencies are valid when regarding a 

statistically relevant amount of voids, which could not have been shown previously without a 

suitable method of automated and individual measurements of voids. 

To show the possibilities of applying this approach to the engineering of damage controlled 

forming processes, in “Global and high-resolution damage quantification in dual-phase 

steel bending samples with varying stress states” [21 - Publ. #3], the framework presented 

in [15 - Publ. #1] has been applied to a technological forming process, proving the benefit of 

this automated characterisation method for the development and the validation of new forming 

processes able to reduce the magnitude of damage while maintaining the original final part 
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geometry. Here, the framework described and applied in [15 - Publ. #1] was applied for 

discriminating between voids caused by inclusions during metallographical preparation and 

deformation-induced damage, boosting the accuracy of damage measurements by the 

measurement of voids. The framework was therefore extended by the integration of the 

individual measurement of each void through the usage of a watershed algorithm. Ultimately, 

this publication shows a significant effect of the applied stress state during forming on the 

formation of damage during the forming process. While this tendency is expected and 

predicted by classically applied damage models [18], this work could prove its applicability on 

actual technological processes and its benefit to the development of novel, damage-controlled 

forming processes that maintain the part geometry while minimising the quantity of emerging 

damage. The thorough quantification of the deformation-induced damage was achieved be 

applying the developed framework. 

Being the most fundamental approach to mechanisms of crystal plasticity leading to its 

understanding in the common inclusion phase of MnS and ultimately, benefits in the 

simulations of damage initiation, the first publication, “On the mechanical properties and 

deformation mechanisms of manganese sulphide inclusions” [91 - Publ. #4], is 

concerned with the mechanical properties α-MnS. In this work, the plasticity of this phase is 

characterised using nanomechanical testing methods, namely nanoindentation and micropillar 

compression. The study yields quantitative data about the plasticity of MnS, ranging from 

hardness and Young’s modulus to strain rate sensitivity from nanoindentation strain-rate-jump 

testing. Furthermore, the activated slip systems and their corresponding CRSS values were 

determined by micropillar compression experiments and subsequent EBSD measurements of 

lamellae from the micropillars. In this way, an approach to thoroughly characterise the crystal 

plasticity of an inclusion phase could be determined, which can in the future be utilised by CP-

FEM simulations of a composite of MnS and a surrounding steel matrix, leading to a benefit 

in reliability of model predictions of damage initiation by realistically simulating the plasticity 

and strain partitioning in such a material. Damage initiation at inclusions, while being a 

dominant damage mechanism in many grades of steels used for bulk metal forming processes 

[98], does not occur dominantly in dual-phase steels. Therefore, the plasticity of inclusions 

with the aim to enabling accurate microstructural simulations has been chosen as an example 

for the characterisation of phase plasticity in a complementary way to the studies on damage 

in dual-phase steels carried out in the further publications part of this work. 
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5. Conclusions 

→The characterisation of voids in a dual-phase steel microstructure, in terms of their 

mechanisms of initiation, can be reliably carried out by applying modern deep-learning 

approaches, with grayscale SEM images given as the only information. (Publ. #1) 

→The dominance of micromechanical mechanisms of damage initiation and its dependence 

on outer factors like microstructure or applied stress state can reliably be assessed by 

introducing a statistical relevance of the gathered data on mechanisms. Such statistics are 

enabled by the introduction via a deep-learning approach. (Publ. #1, #2, #3) 

→While damage mechanisms can be classified theoretically in the decohesion or the cracking 

of microstructural constituents, in a real case this separation is not necessarily possible 

post-mortem, as a microstructural void may have experienced several of these mechanisms 

during its formation. In-Situ tests are therefore a valuable, complimentary approach to post-

mortem, statistical evaluations, which can equally be enhanced in their efficiency by 

automated detection and classification of sites. (Publ. #1) 

→Technological processes like sheet metal bending can be tailored considering the formation 

of damage to minimise damage while maintaining the final product geometry. The 

introduced methods of automated void detection and individual quantification are capable 

of quantifying damage on the spatial scale relevant for the underlying macroscale forming 

process. (Publ. #3) 

→Locally and globally, stress state is a major influence factor on damage formation. While in 

terms of the initiation and growth of an individual damage site, in-situ experiments showed 

a significant variety in forms of void evolution, a statistical viewpoint yields an agreement 

with simple models of void initiation and growth even in complex microstructures: Strain is 

the main driving force for the nucleation of voids, while stress triaxiality largely governs the 

growth of voids. (Publ. #1, #2) 

→The ensemble of voids seen in large-scale micrographs of fractured tensile samples leads 

to the conclusion that the onset of material failure is not governed by a single, large damage 

site, but the initiation of such sites through void coalescence is effected largely by the local 

ensemble of voids. (Publ. #2) 

→In order to control damage on the large scale of a technological process, statistical 

relevance is key to achieving a reliable assessment of magnitude, manifestation and 

morphology of damage. Characterising a large number of voids in a significantly large part 

of the microstructure is therefore required and has been achieved. (Publ. #3) 

→The influence of the microstructure on damage formation is significant, as seen by the 

comparison of two different DP800-grade steels. Therefore, a careful characterisation of 

mechanical phase contrast and microstructural morphology is required to produce new, 

damage-tolerant microstructures in addition to damage-controlled forming processes. 

(Publ. #1) 

→Microstructural heterogeneity, as the main cause of void formation through the partitioning 

of stresses and strains in a microstructure, can be investigated by nanoscale experiments 

like nanoindentation and micropillar compression, yielding quantitative insights on the 

individual phase plasticity. (Publ. #4) 
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6. Outlook 

Having shown the advantages and limitations of applying neural networks for the automated 

characterisation and quantification of microstructural damage sites, the foundations made in 

this work can be built upon in the way of extending in several directions. Firstly, improvements 

in accuracy of the automated characterisation are possible to be made, especially in terms of 

classifying voids that are largely evolved from their state of nucleation, as discussed in [15 - 

Publ. #1]. As the classifying performance of a neural network will always be relying on its 

training data, further enhancements to the method can be made by making it more robust to 

influences like imaging conditions, altered stress states, or different dual-phase steel 

microstructures that exhibit altered morphologies. A powerful approach to achieve such an 

improved robustness is the application of data augmentation, where the time-consuming 

process of gathering new training data for every desired alteration of input data is avoided by 

simulating these conditions with the appliance filters or rotations to the existing dataset. Such 

approach has been carried out for the showcased framework in [92], being able to apply the 

framework to a heavily altered stress state. While all stress states applied in the studies part 

of this dissertation are dominated by tensile stresses, here, the altered morphology of voids 

due to a biaxial stress state is accounted for using not new training data, but augmenting the 

existing dataset. 

Secondly, expanding the benefit yielded by applying the approach of automated imaging, 

detection and classification is possible by adapting the method to a wider variety of materials. 

In various stages, this can be done for different dual-phase steel grades as in [15 - Publ. #1], 

or completely different material systems that equally show an initiation of voids or cracks due 

to microstructural heterogeneity. Initially, this possibility has been proven in [33] for the 

example of Mg-Al-Ca alloys exhibiting a magnesium matrix reinforced by a hard and brittle 

intermetallic skeleton.  

A third way of thinking forward these approaches would be further a boost in experimental 

efficiency by integrating such frameworks directly into the step of imaging. As on the large 

panoramic images taken, only a small amount of space is occupied by voids, a large proportion 

of the microstructure is imaged in high resolution, which is, depending on the purpose, not 

necessary for studies on these voids. Integrating the step of detection into the software of a 

microscope therefore could show a major benefit to processing times in the SEM, and 

therefore further enhance experimental efficiency. Equally, in-situ experiments can be carried 

out in a more efficient way, as a microscope could be capable of tracking a multitude of sites 

of interest automatically, without the need to acquire large-scale panoramic images in every 

single deformation step. 

This dissertation therefore shows a leap forward into an automated way of gathering 

microscale insights on damage formation, joining the viewpoints of materials physics and 

engineering – future work can improve on this basis and make it possible to apply these new 

methods to thoroughly enable researchers to gain insights on this scale while maintaining the 

ability to efficiently characterise damage on a scale relevant to their regarded process. 
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