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Kurzfassung 

Gradientenwerkstoffe (FGMs) sind Werkstoffe mit örtlich variierenden, funktionalen 

Eigenschaften, die auf eine graduelle Änderung der chemische Zusammensetzung, der 

Dichte (Poren) und/oder des Gefüges zurück zu führen sind. Der optimierten Reaktion 

eines bestimmten FGMs liegt eine örtlich angepasste Struktur-Eigenschafts-Beziehung 

zu Grunde, welche sich auf unterschiedlichen Längenskalen und hierarchischen Ebenen 

äußert. Um ein Verständnis für diese sich räumlich verändernden Reaktionen erlangen zu 

können, müssen FGMs mit geeigneten Methoden auf der Makro-, der Mikro- und der 

Nanoskala untersucht werden. 

Methodisch liegt der Schwerpunkt dieser Arbeit auf der experimentellen 

Charakterisierung von Eigenschaften des Grundmaterials und gezielt veränderten 

Gradientenbereichen nahe der Probenoberflächen metallischer FGMs, die mittels 

Röntgenbeugung am Querschnitt (CSmicroXRD) unter der Verwendung 

hochenergetischer Synchrotronröntgenstrahlung untersucht wurden. Die Ergebnisse 

wurden durch weitere Mikro- und Nanohärteprüfserien, verschiedene 

Mikroskopietechniken und chemische Analysen ergänzt und verifiziert. Diese Arbeit 

stellt insgesamt sechs verschiedene Anwendungsfälle der Charakterisierung von 

Eigenschaften am Querschnitt vor, welche durch den Einsatz der eben beschriebenen 

Methoden untersucht wurden. Es handelt sich dabei um drei FGMs, deren Gradienten 

mechanisch oder thermochemisch erzeugt wurden und drei weitere Fälle, in denen FGMs 

über das Laserstrahlschmelzverfahren (PBF-LB) hergestellt wurden. Es zeigt sich, dass 

die entwickelte Herangehensweise der Charakterisierung ein geeigneter Ansatz ist, um 

die räumlichen Variationen der Gefügeeigenschaften, Eigenspannungen, 

Kornmorphologien, Phasen- und chemischen Gradienten lokal zu untersuchen und in 

weiterer Folge mit den verwendeten Prozessparametern zu korrelieren. 

Der zweite Schwerpunkt der vorliegenden Arbeit liegt auf der Anwendung des 

entwickelten Charakterisierungsansatzes. Konkret wurden Multi-Metall-

Hybridstrukturen untersucht, welche durch ein schlickerbasiertes 

Laserstrahlschmelzverfahren additiv hergestellt wurden. Der experimentelle Teil der 

Arbeit konzentriert sich dabei auf die Analyse der Variation der strukturellen und 

mechanischen Eigenschaften in einer einzelnen Lage und in Baurichtung, wobei 

besonderes Augenmerk auf das Verständnis (i) der kontinuierlichen Entwicklung von 

Eigenspannungen im additiven Prozess und (ii) des Einflusses von Grenzflächen 

zwischen den verschiedenen Metalllegierungen gelegt wurde. 

Die Ergebnisse der Untersuchungen wurden in vier Publikationen veröffentlicht die hier 

kurz beschrieben sind: 
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• Die Eigenschaften eines niederdruckaufgekohlten Einsatzstahls 18CrNiMo7-6, 

eines plasmanitrierten Warmarbeitsstahls W300 und eines kugelbestrahlten, 

hochfesten Stahls 300M wurden an der Beamline P07 des Speicherings PETRAIII 

in Hamburg untersucht. Ermittelte Eigenspannungsverläufe konnten erfolgreich 

mit gemessenen Härtegradienten, chemischen Gradienten, Phasenverteilung und 

Korngröße) und den ursprünglich verwendeten Prozessparametern in 

Zusammenhang gebracht werden. 

• Zylinderförmige Proben aus der korrosionsbeständigen S316L Stahllegierung 

wurden mittels Laserstrahlschmelzens im Pulverbett unter Anwendung von drei 

verschiedenen Laserscanstrategien hergestellt. CSmicroXRD und verschiedene 

Mikroskopiemethoden zeigen den Zusammenhang der verwendeten 

Prozessparameter mit der Ausbildung von Texturen im Material. Diese 

Publikation dokumentiert, wie FGMs in einem konventionellen PBF-LB Prozess 

nur durch die Adaption der Prozessparameter hergestellt werden können. 

• Schlickerbasiertes Laserstrahlschmelzen wurde zur Herstellung einer Multimetall-

Hybridstruktur verwendet, die aus S316L und der Nickelbasis-Superlegierung 

IN625 besteht. Beide Legierungen wurden entlang der Baurichtung (interlayer 

Variation) mehrere Duzend Male variiert. Die entstandene Struktur wurde in 

mehreren Größenskalen bis in den Nanometerbereich untersucht, wobei 

insbesondere die Entwicklung der Eigenspannung entlang der Bauhöhe durch das 

periodische Wechseln von S316L und IN625 komplex beeinflusst wurde. Im 

Gefüge vorhandene, kugelförmige Ausscheidungen konnten als Si- und Nb-reiche 

CrMOx Partikel identifiziert werden. Die Ausscheidung dieser Oxide im Prozess 

zeigt die Möglichkeit auf, FGMs mit einem hierarchischen Aufbau direkt 

herzustellen. 

• Auf Basis der  erzielten Ergebnisse des eben beschriebenen Anwendungsfalls 

wurde eine zweitere S316-IN625 Gradientenprobe hergestellt, wobei die beiden 

Legierungen nun sowohl in Baurichtung (interlayer- ) als auch innerhalb einer 

einzelnen Schicht (intralayer Variation) variiert wurden. Der gesamte Querschnitt 

der erzeugten Struktur wurde mittels CSmicroXRD abgerastert. Die Ergebnisse 

zeigen, dass schlickerbasiertes Laserstrahlschmelzen die Erzeugung 

biomimetischer Multimetall-Materialien ermöglicht, in denen sich das 

Rissausbreitungsverhalten günstig beeinflussen lässt. 

 

Schlagwörter: Gradientenwerkstoffe; 3D Multi-Material; Hybride Strukturen; Additive 

Manufacturing; Generative Fertigung; Powder Bed Fusion; Laserstrahlschmelzen; 

Gefüge und Eigenspannungen; Multi-Metall Material; Querschnittsanalyse; Synchrotron 

Mikro-XRD; Einflusszone; Oberflächennahe Analyse; 
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Abstract  

Functionally graded materials (FGMs) represent a type of material with spatially varying 

functional properties in one or more directions, which stem from internal gradients of 

chemical composition, phases, pores and/or microstructure. The optimized functional 

response of a particular FGM is triggered by a locally-tailored structure-property 

relationship, which is a result of the multi-scale material response, often encompassing 

several length scales and hierarchical levels. There is a need to apply advanced 

characterization approaches operating at the macro-, micro and nano-scale in order to 

understand the correlation between process parameters used to fabricate FGMs, their 

internal structural, chemical and morphological gradients and the spatially varying 

functional response. 

The methodological focus of this thesis lies on the experimental characterization of 

near-surface and bulk properties of metallic FGMs using newly-introduced high-energy 

synchrotron cross-sectional synchrotron X-ray micro-diffraction (CSmicroXRD), which 

was complemented by micro- and nanohardness testing, optical characterization, electron 

microscopy and chemical analysis. The thesis presents three cases for the application of 

correlative cross-sectional analytics to characterize mechanically and thermo-chemically 

induced near-surface gradients, and further three cases of laser-based powder bed-fused 

samples. Correlative characterization is used to assess spatial variations of structural 

properties, residual stresses, grain morphology, phase and chemical gradients and local 

mechanical properties. The obtained results are correlated with the applied process 

parameters. 

The second focus is to apply the developed methodology, enabling the characterization 

of multi-metal hybrid structures produced by liquid-dispersed metal powder bed fusion. 

The experimental work concentrates on the analysis of the in-plane and out-of-plane 

variation of structural and mechanical properties with special attention on understanding 

the residual stress build-up, and on attributes and the role of interfaces between metallic 

alloys.  

In particular, the following topics are covered in the thesis and in the attached four 

publications: 

• Near-surface properties of a low-pressure carburized case hardening steel 

18CrNiMo7-6, a plasma-nitrided hot work tool steel W300 and a shot-peened 

high-strength steel 300M are characterized at the high-energy materials science 

beamline P07 of the storage ring PETRAIII at Deutsches Elekronensynchrotron 

(DESY) in Hamburg using CSmicroXRD. The evaluated residual stresses 

distributions are correlated with gradients of hardness, phases, crystallite sizes, 
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chemical gradients and/or  microstructural features as well as with the applied 

process conditions. 

• Rod-like samples from stainless steel S316L are manufactured by powder bed 

fusion using three different hatch strategies. The samples are investigated by 

optical microscopy, CSmicroXRD and using tensile tests in order to understand 

the correlation between different crystallographic textures induced by the 

particular hatch strategies and the observed differences in the deformation 

behaviour. The study presents a strategy to design functionally graded materials 

with dedicated mechanical properties by laser-based powder bed fusion. 

• Liquid-dispersed metal powder bed fusion is used for the production of a multi-

metal hybrid structure consisting of stainless steel S316L and the nickel-based 

superalloy IN625 with an alloy variation along the build direction. The process 

allows to fabricate different sub-regions and morphologically sharp interfaces 

between the two alloys, which are characterized with nanoscale spatial resolution. 

The periodic occurrence of S316L and IN625 with different crystallographic 

textures results in a complex distribution of residual stresses along the sample’s 
build direction. Moreover, the formation of spherical CrMOx precipitates enriched 

with Si and Nb during the build process indicates the possibility for a hierarchical 

design of FGMs by reactive additive manufacturing. This study is the first step in 

confirming that liquid-dispersed metal powder bed fusion is an effective tool that 

allows to fabricate unique hierarchical microstructures consisting of two alloys. 

• Based on results revealed in the application case above, another S316L-IN625 

FGM with an inter-, as well as an intralayer variation of the two metal alloys is 

designed and analysed on its cross-section. CSmicroXRD mapping is used to 

assess the distribution of phases, texture and residual stresses on the entire cross-

section of the sample. The results reveal the sharpness of in-plane and out-of-

plane-oriented interfaces between the alloys and allow to assess the possibility to 

design truly biomimetic structures with alternating metallic alloys, which can be 

used to alter crack propagation behaviour in multi-metal materials prepared by 

laser-based powder bed fusion. 

 

Keywords: Functionally Graded Material; 3D Multi-Material Structure; Cross-sectional 

Gradient Materials; Hybrid Structures; Additive Manufacturing; Powder Bed Fusion; 

Microstructure and Stress; Multi-Metal Material; Cross-section Analysis; Synchrotron 

Micro-XRD; Near-Surface Characterization; 
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1 Motivation and Aim of this Thesis 

Functionally graded materials (FGM) are advanced composites for engineering 

applications with locally optimized properties. The term functionally graded material was 

established in the 1980s in Japan to describe materials possessing spatially tailored 

chemical, biochemical, physical and/or mechanical properties due to an adapted layout, 

often encompassing several lengths scales [2]. Initially, the FGM concept was suggested 

to produce advanced thermal barrier materials to be applied in future space programs [3]. 

FGM’s extraordinary performance can be adjusted and is attributed to a specific design 

of alternating materials, depth gradients (chemical, biochemical, physical and 

mechanical), as well as variable microstructures and densities (porosities) throughout 

their volume [4]. The concept of FGMs is very commonly found in nature and represents 

an optimization strategy, using a limited number of chemical elements only. Prominent 

biological FGMs, which also attracted the interest of the scientific community already in 

the early 1970s  are for example plants, nacre, cuticle, bone, sponge spicules [5]. An 

outstanding feature of biological FGMs is that surfaces or, in particular, near-surface 

areas are spatially adapted in order to optimize interaction with surrounding media. One 

such example is the bark of trees, which surrounds the trunk and serves to protects the 

more sensitive areas that are responsible for nutrient supply from pests and the elements. 

It is beneficial for material scientists to look into the manifold solutions already provided 

by nature with the goal to abstract and transfer those principles to technical applications. 

Such efforts are grouped under the umbrella term biomimetics. Due to its inherent 

complexity, biomimetic research requires a certain amount of interdisciplinarity, 

transdisciplinarity and creativity [6]. In contrast to biological FGMs, artificially produced 

gradient structures could benefit from the fact that a much wider range of chemical 

elements, processing conditions, etc. can be applied to synthesize them. 

Artificial FGMs are already being applied in aerospace, automotive [5], and defence 

applications, cutting tools (in the form of vapor-deposited thin films), in medicine [7], 

nuclear reactors, turbine blades, sports equipment as well as smart structures. Due to their 

enhanced performance compared to standard bulk materials, it is often possible to reduce 

the mass of components, which is particularly important in the case of moving parts. 

FGMs can be employed with both economic and/or ecological benefits [8]. Depending 

on the application, it is important that particular areas of components (e.g. those close to 

the surface) are adapted to meet different mechanical, physical and chemical challenges. 

It has to be stated, that the optimization of FGMs is generally complex and requires a 

detailed understanding of the underlying physical phenomena. 
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One of the central challenges in the optimization of FGMs is the limited possibility to 

simulate different types of FGMs. This is due to a lack of experimentally confirmed data 

describing mechanical properties, which need to be fed into different databases prior to 

analytical modelling and numerical simulation. On the one hand, state-of-the-art methods 

like hardness or tensile tests – which are also applied on an industrial scale – are by far 

too inaccurate to provide appropriate data. On the other hand, the spatial resolution of 

existing micro- and nano-characterization techniques [9–12], which have been developed 

within the last decades, is either too high or too low to for the mesoscopic range between 

5 and 100 µm. This results in a remarkable gap in the ability to characterize FGMs at this 

level, which is becoming ever more important with the increasing capabilities and 

industrial relevance of additive manufacturing (AM). 

The unresolved issues of FGM research described above have led to the following 

questions defining the main goals of this dissertation:  

• The first aim was to synthesize biomimetic FGMs by means of novel additive 

manufacturing methods. Particular attention was paid here to the possibility of 

manufacturing graded structures on a suitable length scale, namely the meso-

scale, characterized by dimensions between 5 and 100 µm. 

• The second aim was to test and develop suitable methods for measuring various 

materials properties at the meso-scale. Since it is necessary to use analytical 

techniques, offering a spatial resolution in the appropriate length scale, standard 

tests have to be scaled up or down in order to meet the required scale of resolution. 

In particular, 2D-synchrotron X-ray diffraction scanning was employed to assess 

microstructural features and residual stress levels in FGMs. Results of the 

modified characterization methods could be used as experimental input for the 

simulation of the macroscopic performance of FGM parts. 

This work consists of five main parts: Following a general introduction in Chapter 1, 

Chapter 2 presents the theoretical framework of FMGs, involving a more precise 

definition of graded materials and their characteristics, of possible manufacturing 

processes, as well as different characterization techniques for different length scales. 

Chapter 3 summarizes the major findings of this dissertation, highlighting major results 

and putting the appended scientific publications into the context of current FMG research. 

Finally, Chapter 4 constitutes the central part of this thesis and consists of four 

publications (Paper I–IV), written and published in peer-reviewed journals in the course 

of the development and deepening of the thesis’ topic. In addition, further publications 

and contributions to international conferences are listed.  
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2 Theoretical Background 

This chapter intends to briefly introduce a possible classification of graded materials 

concerning their types, characteristics, and applications. Furthermore, different methods 

of synthesis and their significance for the production of FGMs are outlined. The second 

part of this chapter presents different characterization methods, used to investigate FGMs 

on a multi-scale level. 

2.1 Graded Materials 

In general, FGMs encompass a wide range of materials, differing in their chemical 

compositions. In this work, however, the main focus was placed on the fabrication and 

characterization of metallic FGMs. Thus, certain aspects of other FGMs will be 

mentioned only where appropriate.  

2.1.1 Classification and production methods of functionally graded 

materials 

FGMs can be classified using different classification criteria. El-Galy et al. introduced 

six different classifications according to  

(i) the state during FGM processing: solid state processes, liquid state 

processes and vapor deposition processes 

(ii) FGM structure: continuous and discontinuous graded material 

(iii) the type of FGM gradient: composition, microstructure and porosity 

gradients [7]  

(iv) FGM scale and dimension: thin films (5 to 500 nm), thick films (about 1 to 

120 µm) and thick FGMs (5 to 350 mm). In general, only the area in which a 

gradient is present is considered relevant for the classification, while the 

actual component size is ignored. 

(v) the nature of the FGM gradation process: constructive (layer-by-layer 

construction) and transport processing (e.g. fluid flow, diffusion or heat 

conduction) 
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FGMs – tailored gradients occur only in the near-surface region of the samples or 

components. AM was used to produce bio-inspired, graded materials and tailored 

microstructures in Paper I, Paper IV and Paper III, respectively. Thermochemical and 

mechanical processing were used to modify near-surface regions of three steel samples 

in Paper II. 

2.1.2 Additive manufacturing 

Within the last decade, AM technologies have become widely commercially available. 

The concept of building up a material layer by layer in principle provides all possibilities 

to produce FGMs and FGSs and in 2020 the term functionally graded additive 

manufacturing (FGAM) was introduced in the ISO/ASTM TR 52912 standard [14]. 

Possibilities to realize FGAM range from graded microstructures, graded composition 

(single material FGAM vs. multi-material FGAM) and porosity [7] to graded geometrical 

dimensions [13] (e.g. cell size or type in cellular structures [15]). Thus, FGAM enables 

design innovation by removing limitations for complex shape geometries that were 

previously subjected to the constraints of conventional subtractive processes. Moreover, 

and for the same reasons, FGAM is predestined to be used for synthesizing biomimetic 

structures. However, a key requirement for biomimetic FGAM is that sufficient spatial 

resolution can be achieved by the AM processes. 

The currently available AM processes can be assigned to one of the following seven 

process categories: 

1. Material extrusion (ME): A thermoplastic filament extruded though a nozzle or 

extrusion head to be selectively dispersed onto a motorized (x-y directions) build 

plate. 

2. Material jetting (MJ): Droplets of a feedstock material are selectively deposited 

by inkjet printing heads according to a layered2 3D model. 

3. Binder jetting (BJ): A binder material is selectively dropped onto a powder 

feedstock. The binder bonds the powder particles together to produce a 3D part. 

If colorized binders are used, this method allows for fully dyed, colored models. 

4. Sheet lamination (SL): Sheets of a material are bonded to form a part before the 

desired profile is cut in a second step by a laser or a mechanical cutting unit 

(tungsten carbide plate.) 

5. Vat photopolymerization (VP): A photosensitive resin is cured by ultraviolet laser 

light. The oldest AM process, stereolithography (SLA), can be assigned to this 

 

2 Each 3D-model needs to be virtually sliced into a stack of layers in order to provide suitable data for AM 

processing. The model is divided into the individual layers in the course of data preparation, using 

appropriate software.  
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category. A distinction is also made between systems, in which an entire layer is 

illuminated at one (pixel resolution) and systems in which a laser scans the area 

to be exposed in vector segments.  

6. Powder bed fusion (PBF): Thermal energy, provided by a laser or an electron 

beam is used to fuse powder particles layer-by-layer until a 3D component is built 

up. 

7. Directed energy deposition (DED): A powder or wire feedstock is molten by a 

focussed thermal energy (laser or electron beam source). The component is built 

up by the fused material as the motorized base plate moves in a way to follow the 

desired geometry. 

Only categories (6) and (7) can be used to directly fabricate metal components. This 

means that no further debonding and sintering step is necessary to produce a final (FGM) 

part. Due to the limited resolution of DED, only powder-bed fusion (and its related 

processes) can reach a spatial resolution in finished parts that is sufficient for biomimetic 

FGAM.  

In biomimetics, it is furthermore important to control (e.g. by adjusting process 

parameters) the microstructure, especially in case of materials that exhibit a strongly 

anisotropic mechanical behavior. This is possible by means of the solidification behavior 

of the molten material and can be controlled to a certain degree by adjusting the thermal 

gradient in the powder bed. Prominent examples for materials with a strong anisotropic 

behavior are composite materials. Various building strategies from nature, which were 

also listed in the introduction of Chapter 2 (e.g. nacre, wood, ivory etc.), teach us that that 

a material’s properties can be optimized only through the variation and multiple stacking 

of individual materials possessing different mechanical properties. 

Indeed, this is a problem for most of the AM techniques currently available, as the devices 

and processes are not conceptualized to provide easy and frequent feedstock changes. 

Unfortunately, the same is valid for laser-based powder bed fusion (PBF-LB) as a layer-

wise variation of materials means either (i) that two powder reservoirs have to be 

available, each of them containing a different powder, or (ii) a second supplier (cylinder 

or hopper) has to provide another feedstock from top [16–21]. In all cases, the powders 

are mixed in the build volume. 

In this thesis, a modified process, namely liquid-dispersed metal powder bed fusion, was 

applied to synthesize multi-metal materials (Paper I and Paper IV). Furthermore, the 

microstructure of stainless steel 316L was modified by applying different hatch strategies, 

i.e., the arrangement and sequence of vectors which are traversed and molten by the laser 

in order to fuse the powder material to the underlying build-up over the entire surface. 
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The PBF-LB process will be described in the following subsection in more detail, 

followed by a description of liquid-dispersed metal powder bed fusion (LDM-PBF-LB). 

2.1.3 Laser-based powder bed fusion  

In case of PBF-LB, thermal energy is introduced into a powder bed via a laser, to 

selectively melt the metal powder layer by layer. Figure 2 shows a simplified and 

schematic illustration of the PBF-LB set-up. In a pre-processing step before printing, the 

3D model is transformed into many individual 2D contours by slicing before the data is 

transferred to the printing device. During the printing process the following sequences 

are repeated until the entire 3D model is reconstructed: (i) The build plate moves 

incrementally down to set the desired layer height. (ii) The powder supply cylinder moves 

up to provide the powder feedstock. (iii) A recoating unit spreads the powder feedstock, 

provided by the powder supply, across the build plate. Excess powder is shifted to the 

powder overflow. Once powder is homogenously spread across the powder bed, (iv) the 

focussed laser is guided into the process chamber and melts the respective contour 

selectively. In this process, the laser scans the areas to be melted by lining up many 

adjacent vectors. (v) Steps (i) to (iv) are repeated until the initially desired 3D geometry 

is reconstructed. 

The whole process is carried out under a protective Ar or N atmosphere to prevent 

oxidation [22]. 

 

Figure 2. Illustration of the laser-based powder bed fusion setup (illustration taken from Ref. [23]). 
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Characteristics of the PBF-LB process are high solidification rates that can reach 

103-106 K/s[22] and result in very fine microstructures. The quality of the final parts 

strongly depends on the choice of well-suited process parameters. Otherwise, densities 

exceeding 99.5% cannot be reached due to lack of binding, and the formation of pores 

and cracks. A higher or different performance of densely printed materials compared to 

standard products of a similar chemical grade has been reported for Al-, Ti-, Ni- and Fe-

based alloys [24–27]. The high cooling rates and thermal gradients within the build 

chamber lead to a directed solidification of the metal alloys and influence the morphology 

and feature size of the solidified microstructure. This results in a certain anisotropy of the 

microstructure and subsequently of physical and chemical properties. The expression of 

anisotropy in the printed part can be influenced by different process parameters, like 

energy input in general, applied hatch strategies and the orientation of the part within the 

build space. In the context of Paper III, the possibility of influencing microstructure and 

texture by three different hatch strategies and their effect on the deformation behavior 

was studied. 

Currently, PBF-LB still has to deal with some disadvantages and obstacles. These are the 

size limitation of built parts, the low building rates resulting in a high production times, 

the poor availability of tailored alloys that are designed for PBF-LB and the high prices 

for devices and feedstock [22]. With regard to FGAM, classic PBF-LB has another 

significant disadvantage, which is the limitation in terms of the use of different materials. 

This is because it is currently not possible to produce FGMs using PBF-LB outside of an 

academic setting with a very limited sample size, i.e., on an industrial scale. 

At least the obstacle of an easy and frequent materials change can be overcome by the 

related and modified LDM-PBF-LB process. 

2.1.3.1 Liquid-dispersed metal powder bed fusion 

LDM-PBF-LB, initially developed between 2015 and 2017 at the Netherlands 

Organization of Applied Scientific Research (TNO), uses metal powder slurries instead 

of standard metal powders as feedstock. The process can be distinguished from all other 

AM processes as (i) metal powder is dispersed in a water-based binder and (ii) the process 

can still be attributed to direct metal AM processes, since the bonding between the 

individual layers happens in place and not in a downstream sintering process. Figure 3 

presents a schematic sketch of the three most relevant process steps in which LDM-PBF-

LB differs from the conventional PBF-LB. These are: 

(1) The application of the feedstock, in this case a metal powder suspension, by a 

pipetting system. The layer thickness is adjusted by a knife edge that spreads the 

metal suspension onto the build plate or underlying layers. 
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within a single layer (intra-layer variation). Moreover, the binder system represents a 

further tuning parameter to favorably influence the printing and microstructural properties 

of the feedstock. Various additives that enable in-process alloying and improve the 

weldability of the metals can be added via the binder. 

Thick FGM specimens produced for Paper I and Paper IV were designed and synthesized 

in a way to determine possibilities and limits of the LDM-PBF-LB process. 

As illustrated in Figure 1, thin-film and thick-film FGMs can be produced by thermal, 

thermochemical and mechanical (surface) treatments. The production routes and 

evolution of gradients during these treatments are briefly described in the following 

sections. 

2.1.4 Thermally- and thermochemically-induced gradients 

Thermally induced gradients in steels are generated by a local austenitization followed 

by a subsequent oil or water quenching. These gradients can be induced in plain carbon 

or low alloy steels. The treatment is usually performed on parts with a finished or almost 

finished geometry. A high through-hardenability of the used steels is not required. The 

local martensite formation leads to an increase of wear resistance and, due to the local 

increase of volume, to the appearance of a favorable residual stress distribution, 

exhibiting compressive residual stresses in the hardened zone. Hence, an increased 

fatigue strength is reached. 

Processes applied to induce thermal gradients can be classified according to the different 

energy sources into (i) dip hardening, (ii) flame hardening, (iii) induction hardening, 

(iv) induction impulse hardening, (v) laser beam hardening and (vi) electron beam 

hardening. The power density and resulting energy input in the different processes differ 

greatly and only near-surface gradients with a limited extension can be realized. 

In contrast to thermal processes, thermochemical processes are characterized by the fact 

that also the chemical composition in the near-surface region is altered. In this way, a 

chemical gradient develops in the material during the heat treatment. The chemical 

gradient is usually built up by the diffusion of interstitial elements such as C (carburizing, 

carbonitriding) and N (nitriding, nitrocarburizing). Examples of other processes, in which 

elements like B, V or Al are responsible for the formation of intermetallic phases to form 

a chemical gradient in the diffusion region are boronizing, vanadizing or aluminizing, 

respectively. 

The mentioned thermochemical surface hardening methods have in common the aim to 

improve hardness, mechanical properties as well as wear and corrosion resistance [29], 

and can thus be classified as case-hardening treatments. Carburizing and nitriding are 
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described in more detail in the following sections, as both processes were used to modify 

samples in the context of this thesis.  

2.1.4.1 Carburizing  

Carburizing describes a multi-step thermochemical process with the aim to harden a 

component’s surface while the core of the material remains tough. In general, this 

approach is applied to workpieces with near-net-shape geometries. Typically, low carbon 

steels with a C-level below 0.2 wt.% are used. 

In a first step, the component is heated up until the body-centered-cubic (bcc) ferrite phase 

changes to the face-centered-cubic (fcc) austenite. Typical temperatures are around or 

significantly above the Ac3
3 temperature. After that, in a second step, the temperature is 

held constant as C diffuses into the near-surface region of the workpiece. Thus, the 

C-content raises from initially < 0.2 to about 0.8 wt.%. Due to the C-enrichment, 

martensite transformation occurs if the critical cooling rate of the material is exceeded in 

a (third) quenching step. 

Carburizing processes can be classified by the C-adsorbing atmosphere that decomposes 

at the metal surface and provides nascent C to the heated sample. Prominent processes 

and hardening agents used are: 

• Pack carburizing (coke or charcoal pellets) 

• Gas-carburizing (propane, methanol, methane) 

• Low-pressure carburizing with or without plasma (methane, propane or acetylene) 

• Salt bath carburizing (cyanides) 

Important parameters for case-hardened samples by carburizing are surface hardness and 

case hardening depth (CHD). Starting at the component surface, the standardized CHD 

corresponds to the depth at which a hardness value of 550 HV1
4 is determined. 

In addition to the higher wear-resistance of the hardened component surface with 

simultaneous toughness of the core (due to the low C content), carburizing is – like other 

case hardening processes – primarily used to specifically introduce a residual stress 

gradient in the component. Compressive residual stresses are caused by the diffused 

carbon and local martensitic phase transformation in the carburized zone. This leads to 

an increased fatigue resistance of carburized components. 

 

3 Ac3 denotes the temperature in steels at which the bcc ferrite lattice completely transforms into the fcc 

austenite lattice during heating. The index c denotes heating in French language (chauffer). 
4 HV denotes the hardness determination according to Vickers. The specimen is loaded with a defined force 

(in this case 9.81 N) transmitted by an intender (diamond pyramid with an openingangel of 136°). The 

hardness of the material is determined from the size of the indentation. 
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Quenching and subsequent tempering can be applied (i) directly (direct hardening), (ii) in 

a separate process step (single quench hardening), (iii) with a temperature holding step 

(hardening with isothermal transformation), (iv) directly involving a second tempering 

and quenching step (double hardening) and (v) directly with an additional annealing step 

(single hardening with intermediate annealing) [30]. 

Direct hardening is the most cost-effective process and thus industrially applied for small 

parts in which grain growth during austenitizing does not occur due to the short holding 

time above Ac3. 

Single quench hardening is applied for larger geometries and components which need to 

be machined before hardening. The components are cooled slowly after carburizing as 

the actual hardening takes place in a separate process step. The advantage of this 

temperature program is the second transformation from the ferrite to the austenite phase, 

which results in recrystallization and consequently grain refinement. The temperature 

during the second austenitization can either be chosen so that the phase transformation 

takes place only in the near-surface region, or high enough to austenitize the core of the 

component as well. The chosen temperature program influences the microstructure of the 

final part. 

If the microstructure and properties of both, core and case, should be adjusted, double 

quench hardening can be applied. In that case, desired properties of the core are adjusted 

in a first tempering (temperature > Ac3,core) and quenching. Thereafter, the components 

are reheated again to the (typically lower) austenitization temperature of the carburized 

surface layer and finally quenched. 

 

Low-pressure carburizing: One of the samples investigated within the scope of this thesis 

was treated by low-pressure carburizing. This process is characterized by the use of 

methane (CH4), propane (C3H8) or acetylene (C2H2) as process gases at a typical pressure 

below 3 kPa, which enables high carburizing temperatures (900 to 1050°C) [31] and a 

high C-transfer due to the high decomposition rates under process conditions. The process 

results in surfaces entirely free of oxide. Compared to other carburizing methods, low-

pressure carburizing is furthermore considered to be more environmentally friendly as a 

result of  lower gas and energy consumption [32]. The different carburizing media possess 

particular properties, leading to different carburizing effects, applications, advantages and 

disadvantages. Acetylene has the best carburizing effect (cf. Table 1) and no plasma is 

necessary, contrary to the application of methane (plasma mandatory) and propane 

(plasma recommended) as carbon-releasing agents. Acetylene can therefore also be used 

to homogenously carburize holes and small gaps in workpieces and is therefore widely 

used industrial applications.  
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Table 1: Carburizing media used in low-pressure carburizing processes and the corresponding chemical 

reactions during the process. 

 chemical formula without plasma with plasma 

Methane CH4 CH4 CH4 CH4  C + 2 H2 

Propane C3H8 C3H8  C + 2 CH4 C3H8  3 C + 4 H2 

Acetylene C2H2 C2H2  2 C + H2 - 

 

After low-pressure carburizing, quenching is achieved with pressurized nitrogen or 

helium gas and pressures of 1 to 2 MPa. The substitution of oil-quenching by 

high-pressure gas quenching leads to less geometrical distortions of the components and 

higher surface qualities. Additionally, a downstream cleaning step in which the quenched 

components are cleaned from residual oil is avoided [31]. 

2.1.4.2 Nitriding 

Compared to the thermodynamic processes occurring during carburizing of ferritic steels, 

chemical processes during nitriding can be considered to be more complex, as published 

phase-diagrams do not represent the expected stable states that are a function of 

temperatures at a constant pressure. The solubility of nitrogen in ferrite, austenite and 

martensite is 0.4 (at 602°C), 10.3 (at 50°C) and up to 12 at.% (at room temperature), 

respectively. The entire process is very different from other typical heat treatment 

processes and takes place very far from thermodynamic equilibrium conditions [29]. 

Therefore, nitriding can be performed at lower temperatures that are typically below 

600°C [33]. In contrast to standard heat treatment processes, the hardening effect does 

not result from a martensite transformation but from precipitation hardening of nitrides. 

This suggests that the alloying concept of the steels used must include strong nitride 

formers. 

Depending on the process and atmosphere used during the nitriding of ferritic steel 

components, a compound layer can grow at the surface of the components. Due to its 

ceramic-like character and a brighter occurrence in metallurgically prepared cross-

sections, which results from different etching behavior, the compound layer is often 

referred to as white layer. Compound layers locally exhibit a very high increase in wear 

resistance and, in addition, an increase in corrosion resistance. Like in the case of 

carburizing, a modified chemical composition and a compressive residual stress gradient 

are induced as a consequence of N diffusion in the near-surface region. Therefore, 

nitriding is also applied to components with an almost finished net-shape geometry. 
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Prominent processes for nitriding are (i) gas nitriding, (ii) plasma nitriding and (iii) salt-

bath nitriding. Table 2 lists the most important iron nitrides and their properties. 

Table 2: Structure properties and characteristics of the most important iron nitrides [30,34]. 

phase α-Fe γ’-nitride (Fe4N) ε-nitride (FexN) 

x = 2, 3 

ζ-nitride (Fe2N) 

space group Im3m Pm(3)m P6322 Pbcn 

crystal structure body-centered-

cubic 

face-centered-

cubic (perovskite) 

hexagonal orthorombic 

lattice parameters a = 2.87 Å a = 3.80 Å a = 4.60-4.79 Å 

c = 4.34-4.42 Å 

a = 4.44 Å 

b = 5.54 Å 

c = 4.84 Å 

wt.% of N 0 5.88 7.8 – 11.35  11.1 – 11.35 

 

Plasma nitriding is described in more detail here, as some of the samples characterized 

in the context of this thesis were treated by this thermochemical process, during which 

pure nitrogen or ammonia is activated by applying a glow discharge. As a consequence, 

positively charged N-ions are accelerated in the low-pressure atmosphere of 10-2 to 

100 Pa towards the negatively charged workpiece surface. Figure 4 shows a simplified 

model representation of chemical reactions during plasma nitriding. The energy of the 

impacting ion is partly dissipated into heat, deformation and the surface being 

sputtered. [29] 

Nitrogen and sputtered iron atoms form FeN which adsorbs at the surface. Nitrogen 

diffuses interstitially in the near-surface region due to a catalytic decay of FeN to Fe and 

causes the formation of nitrides in the diffusion zone. This leads to the development of a 

preferential residual stress state, exhibiting compressive residual stresses at the surface 

which increase the fatigue strength of the material. [30] 
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Figure 4. Simplified representation of surface reactions during plasma nitriding (modified illustration based 

on Ref. [35]). 

Often, hydrogen is additionally present in the nitriding atmosphere. In this case, many 

parallel reactions take place. An increase of the hydrogen content can reduce the 

formation or composition of the compound layer to Fe4N. It is even possible to prevent 

the compound layer formation by adjusting the H2 to N2 ratio (8:1). [30] 

2.1.5 Mechanically-induced gradients 

Another possibility to enhance mechanical properties by inducing gradients in metal 

components are peening processes, which modify the microstructure, stress-state and 

dislocation density in the near-surface region. The following peening techniques are most 

widely used [36]: 

• Shot peening, 

• Ultrasonic Impact Peening,  

• Laser Shock Peening, 

• High-frequency hammer peening [37] and 

• Rolling 
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where in the context of this work shot peening was applied to induce a gradient 

mechanically and will thus be described in more detail. 

2.1.5.1 Shot peening 

Shot peening is a process in which a blasting material accelerated by compressed air hits 

a target surface at high speed. The kinetic energy of one impacting particle, impinging 

with a high velocity causes an elasto-plastic deformation of the surface (Figure 5a). Due 

to the comparatively small contact area of the impinging particle, a dimple is created. 

Thus, the defect and dislocation densities in the bombarded material increase. The crystal 

lattice, which is located further away from the impact site, is elastically strained, thus 

(compressive) residual stresses are induced in the material. If not one but many (mostly 

spherical) blasting particles (further also denoted as shot) hit the surface, plastically and 

elastically deformed regions caused by the individual impacts overlap and interact with 

each other. This results in (i) work hardening, thus further increasing defect and 

dislocation densities in the severely plastically deformed regions which can even lead to 

recrystallization [36,38] and a gradual modification of the near-surface microstructure as 

well as (ii) a deformation front causing (compressively) strained region and a gradual 

modification of mechanical properties in the material. 

 

Figure 5. Schematic diagram of the particle-surface interaction as a result of a single impact (a) and factors 

influencing the shot peening process. During shot peening, multiple particles of the blasting medium hit the 

surface (b) and their plastically and elastically strained interaction zones interfere, causing a deformation 

front (dashed line), resulting in a gradual modification of the impacted material’s microstructure due to 
recrystallization and introduction of compressive residual stresses, respectively. 

Several process parameters can be adjusted during shot peening [30,39,40], of which 

some are illustrated in Figure 5. These are 

(i) Type, material, shape and hardness of the peening medium: Spherical 

(martensitic) steel particles with a hardness HVp in the range of 52 to 62 HRC 

are widely used. Also, larger-sized peening media are available. It should be 
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noted that also the shot is plastically deformed during shot peening and thus 

needs to be exchanged regularly [41]. In modern systems, media classification 

based on the shape of the particles is performed permanently during the 

process [42]. Other blasting media can be e.g. ceramic spheres, steel cylinders, 

etc. 

(ii) Air pressure: Compressed air is one way to accelerate the peening material 

onto specific surfaces to be treated. The pressure p used directly influences the 

velocity of the peening particles. Direct pressure systems are commonly used. 

Suction-style propulsion systems are used for lower peening intensities. In 

injector and injector-gravity systems, the peening material is also transported 

via an air stream. [30,39] 

Other and airless possibilities to accelerate the peening media are wheel-blast 

machines, equipped with a centrifugal blast wheel. Wheel-blast peening is 

especially used in case of large production volumes without the need of 

masked areas. Nowadays, also hybrid devices are available. [42] 

(iii) Nozzle (and jet) size: The size and geometrical shape of the peening nozzle 

also influences the peening intensity. Straight bore or venturi style nozzles are 

commonly used for direct pressure peening. [42] 

(iv) Stand-off distance: The distance between the nozzle and the surface lies within 

the region of about 10 cm for severe shot peening treatments which are able 

to induce gradients in near-surface regions of a material. [38] 

(v) Impact angle. The angle of impact determines the percentage of energy 

adsorbed from the surface by the impact of the peening sphere. The maximum 

energy input therefor occurs at an angle of 90°.  

(vi) Peening duration and surface coverage: The peening duration influences 

exposure time t of the surfaces and thus the surface coverage. The speed of 

work determines these measures and both, a movement of the components 

and/or the nozzle can influence them. If every position on a surface is hit once 

by a peening particle, this corresponds to a coverage of 100%. 

All mentioned parameters influence the energy transmitted to the near-surface region of 

the blasted material with a surface hardness HVs. Thus, they directly influence the 

resulting elasto-plastic-deformation. Since the effects of a shot peening treatment on a 

material depends on these various variables and the blasted material often cannot be 

characterized with non-destructive methods, the so-called Almen intensity is alternatively 

used as an indicator in industrial practice [30,39]. The Almen intensity is a measure to 

directly compare different shot peening processes. Depending on the peening intensities 

(low, medium and high), three standardized Almen strip geometries (N, A and C, 

respectively) can be used to experimentally determine the shot peening impact [43]. Due 
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to the low thickness of Almen strips, the compensatory residual stresses introduced by 

the peening process result in a deformation of the strips. The deformation achieved can 

subsequently be used as a direct comparative value for processes with varying peening 

parameters. 

FGMs produced by the above-described processes exhibit attractive functional properties 

resulting from effects that occur in the meso-scale (cf. Figure 1). Hence, it is important to 

use analytical techniques that enable characterization of the materials on the same scale. 

The following section describes selected characterization methods that were applied to 

analyze gradients of residual stresses, chemical gradient, gradual phase distributions and 

microstructural gradients.  
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2.2.1 Cross-sectional synchrotron X-ray micro-diffraction. 

As a further development of classical X-ray diffraction (XRD), cross-sectional XRD 

performed at large-scale research facilities (i.e., synchrotrons) has been established as a 

powerful analytical method in materials research over the last ten years and is now 

indispensable. The major advantage in the use of synchrotron radiation sources is that X-

rays of sufficiently high energy and brightness can be generated so that comparably thick 

samples can be penetrated and thus be investigated in transmission diffraction geometry. 

A schematic diagram of the experimental set-up used to characterize the three samples 

for Paper II is presented in Figure 7. A transmission diffraction geometry set-up for metals 

exceeding some microns in thickness is only possible at synchrotron sources, but not in 

in-house laboratory settings. This is due to the fact that only synchrotron sources provide 

sufficient photon energy, photon flux density, monochromaticity and beam parallelity. 

Depending on the type of sample to be investigated, the spatial resolution in the 

transmission set-up can reach the nanoscale [44–46] and nowadays even goes down to 

30 nm and less in case of cross-sectional synchrotron X-ray nanodiffraction [47]. The 

method has been successfully employed to characterize (i) the phase composition, (ii) the 

crystallographic texture, (iii) the size of coherently scattering domains and (iv) residual 

strains of the 1st, the 2nd and the 3rd order. [12,44,45,47–52]  

In the context of this thesis, the experimental conditions and evaluation methods were 

modified and further developed, respectively, in order to meet the requirements that the 

characterization of FGMs places on the methods. The following sections briefly describe 

some theoretical principles and the analyses applied. 
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 ʹ݀ℎ௞௟  sin 𝜃ℎ௞௟ = 𝑛(1.1) ߣ 

where ݀, 𝜃, 𝑛,  and hkl represent the lattice plane spacing, the diffraction angle (also ߣ

referred to as Bragg angle), the order of the diffraction peak, the wavelength of the 

incident X-rays and the Miller indices of the diffracting planes, respectively. The intensity 

of the diffraction signal of the respective hkl lattice plane family in a perfect crystal is 

proportional to the square of the crystallographic structure factor [55–57] 

ℎ௞௟ܨ  = ∑ ௝݂ ∙ exp ሺʹ𝜋𝑖ሺℎݔ௝ + ௝ݕ݇ + ௝𝑁ݖ݈
௝=ଵ ሻ (1.2) 

where ௝݂ and x, y, z denote the scattering factor of atom j, and the respective position of 

the atom in the unit cell, respectively. ܨℎ௞௟ describes the sum of all waves scattered in the 

specific hkl directions, where potentially a signal extinction can occur depending on the 

Bravais lattice and basis of the examined crystal structure. Thus, ܨℎ௞௟ must be non-zero 

for a diffracted intensity to be measured.  

In polycrystalline materials with randomly oriented individual crystals, the sum of all 

crystals fulfilling Bragg’s law for a fixed wavelength and incident X-ray direction results 

in the occurrence of diffraction cones. It follows from Eq. (1.1), that the use of 

monochromatic X-rays interacting with a polycrystalline material leads to a cone of 

diffracted intensity with a half opening angle 2𝜃. The corresponding signal can be 

recorded at the intersection of the diffraction cone with a 2D detector (Figure 7d). The 

intersection results in a diffraction pattern in the form of so-called Debye-Scherrer rings 

(Figure 9). The arrangement and angle at which these rings can be observed are again 

specific to the investigated crystalline phase. 
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comparison of integrated peaks intensities (i.e., the area under the peak above the 

background) according to the ASTM E975-13[61] standard is widely used. 

According to the ASTM standard the evaluation of the volume fraction 𝑉 of austenite (γ) 
in a two-phase material with the second phase being iron-ferrite (α) or martensite (α’) can 
be derived from the equalized intensities of p and q ferrite and martensite peaks, 

respectively, according to 

 𝑉γ = ͳݍ ∑ 𝐼γ,ℎ௞௟𝑅γ,ℎ௞௟௤௝=ଵͳ݌ ∑ 𝐼α,ℎ௞௟𝑅α,ℎ௞௟௣௜=ଵ + ͳݍ ∑ 𝐼γ,ℎ௞௟𝑅γ,ℎ௞௟௤௝=ଵ  (1.3) 

where 𝐼ఊ,ℎ௞௟ and 𝐼𝛼,ℎ௞௟ correspond to the integrated peak intensities. If further phases such 

as carbides are present in the material, the volume fraction of carbides must also be taken 

into account in order to reveal a correct volume fraction of austenite and ferrite.𝑅ℎ௞௟ 
values can be calculated for each phase to be 

 𝑅ℎ௞௟ = ℎ௞௟|ଶܨ| ∙ ݎ ∙ ܮ ∙ 𝑃 ∙ exp ሺ−ʹሺsin 𝜃ߣሻଶ 𝐵ߥଶ  
(1.4) 

where ܨℎ௞௟, ܮ ,ݎ, 𝜃, ߣ, 𝐵 and ߥ are the structure factor, the multiplicity of the hkl lattice 

planes, the Lorentz factor, the Bragg angle, the wavelength of the X-rays, the 

Debye-Waller temperature factor and the volume of the crystal unit cell, respectively. The 

factor of the correction of the polarization P is 

 𝑃 = ͳ + cosଶ ʹ𝜃ʹ  (1.5) 

Various B factors, determined from the experimental phonon density of states are listed 

in Ref [62]. Room-temperature values of 𝐵α = Ͳ.͵ʹͷͲ and 𝐵γ = Ͳ.ͷ͸ͳͷ are given and 

should be used in preference to the ASTM unified value (i.e., B = 0.71 for α and γ). 

As the whole width of a Bragg reflex is recorded when a 2D detector is used, the Lorentz 

factor can be neglected if relative intensities equivalent to a conventional diffractometer 

are expected [57]. One further advantage resulting from the use of an area detector, is that 

the crystallographic texture, described in more detail in the following section, and its 

related intensity variations along the azimuth angle δ do not strongly affect the result of 

the measurement. 
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2.2.1.1 Analysis of the crystallographic texture 

Crystallites in a polycrystalline material are rarely distributed randomly, but possess a 

preferred orientation, also known as crystallographic texture [57]. XRD can be used to 

determine crystallographic textures, as the scattering signals of lattice planes in 

preferentially oriented crystallites cause an inhomogeneous intensity distribution along 

the azimuth direction δ of Debye-Scherrer rings (Figure 9) due to orientation-depended 

diffraction peak intensities. The orientation distribution of crystallites in the examined 

sample with a cubic crystal symmetry can be calculated, if the diffraction peak intensities 

of two or more non-parallel lattice plane families are measured.  

In crystallography, so-called pole figures are useful and widely used as 2D 

representations of the 3D orientation distribution of lattice planes. In such representations, 

a pole is defined to be the point of intersection of the normal of a (hkl) lattice plane with 

a reference sphere (in 3D) with a unit radius r = 1 residing around a crystal (Figure 10a). 

A pole figure then results from the projection of the poles of lattice planes in crystals of 

a polycrystalline sample onto an equatorial plane. The position of any (projected) pole 

can be described by the polar angle α and a rotational angle β. The geometric correlation 

between the coordinates of a point at the pole figure centered on the cross-section-normal 

direction and the same point at the 2D-detector is given by 

 sin ߙ = sin cos ߜ 𝜃 (1.6) 

and 

 cos ߚ = +√ cosଶ ߜ  cosଶ 𝜃ͳ − sinଶ ߜ  cosଶ 𝜃 | − 9Ͳ° < ߜ < 9Ͳ°, 
cos ߚ = −√ cosଶ ߜ  cosଶ 𝜃ͳ − sinଶ ߜ  cosଶ 𝜃 | + 9Ͳ° < ߜ < ʹ͹Ͳ°, (1.7) 

where α, β, δ and θ are the polar angle, the rotational angle, the detector’s azimuthal angle 
and the diffraction angle of the 2D detector, respectively (cf. Figure 9). 

A collection of preferentially oriented crystals in a polycrystalline sample results in a 

spatial concentration of hkl poles at the unit sphere (increased pole density). 

Consequently, the ʹ𝜃 integrated intensity of Debye-Scherrer rings leads to δ-dependent 

areas with intensity maxima (and minima) in the diffractogram (Figure 10b), according 

to the pole density of the corresponding crystallographic plane. It follows, that the derived 

intensity Ihkl for any {hkl} family of planes, diffracting at a Bragg angle θhkl, in a 

polycrystalline, textured sample is a function of the sample orientation and the azimuth 
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Generally, it is essential to know the unstrained lattice parameter d0 in order to calculate 

the lattice strain [46,57,58,63,64], 

 ሺߝℎ௞௟′ ሻ𝜙𝜓 = ሺ݀ℎ௞௟ሻ𝜙𝜓 − ݀଴݀଴  (1.8) 

where 𝜙 and 𝜓 are rotation angles that relate the sample coordinate system to the 

coordinate system of the experimental (laboratory) set-up. For the XRD set-up in 

synchrotron experiments, it is more expedient to use detector coordinates 𝜃 and δ that can 

be linked to the sample rotation angle 𝜓 using the following transformation which can be 

derived also from Heidelbach et al. [51]: 

 cos 𝜓 = cos 𝜃 cos  (1.9) ߜ

The experimentally determined and direction-dependent X-ray elastic strain ሺߝℎ௞௟′ ሻ𝜙𝜓 in 

the sample coordinate system can be related to the general triaxial stress state by a tensor 

transformation using the direction cosine matrix 

 𝑎௜௞ = [cos 𝜙 cos 𝜓 sin 𝜙 cos 𝜓 − sin 𝜓− sin 𝜙 cos 𝜙 Ͳcos 𝜙 sin 𝜓 sin 𝜙 sin 𝜓 cos 𝜓 ] (1.9) 

As a consequence, the fundamental equation of X-ray strain determination [63] results in 

 ሺߝℎ௞௟′ ሻ𝜃ఋ = ଵଵߝ sinଶ 𝜃 − ଵଶߝ sin ʹ𝜃 sin ߜ + ଶଶߝ cosଶ 𝜃 sinଶ +ߜ ଷଷߝ cosଶ 𝜃 cosଶ ߜ − ଵଷߝ sin ʹ𝜃 cos ߜ + ଶଷߝ cosଶ 𝜃 sin  ߜʹ
(1.10) 

where ߝଵଵ represents the normal strains oriented parallel to the incident X-ray beam and ߝଶଶ and ߝଷଷ represent the normal strains in-plane and the out-of-plane, respectively, with 

respect to the examined sample surface. Additionally, shear stresses ߝ௜௝ also contribute 

terms to the equation. 

The stress state within the material can be related to the strain state by the fundamental 

theory of elasticity which is Hooke’s law[55,57],  

 𝜎௜௝ = ∑ ܿ௜௝௞௟ߝ௞௟ଷ
௞,௟=ଵ  (1.11) 

where 𝜎௜௝, ܿ௜௝௞௟ and ߝ௞௟ are the stress, the stiffness and the strain tensors, respectively. 

In case of macroscopic elastically isotropic behavior of the investigated homogenous 

material, only two elasticity constants are independent from each other. These are 

Young’s modulus ܧ and Poisson’s ratio 𝜐. With 

ଵ,ℎ௞௟ݏ  = −𝜐ܧ  (1.12) 
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and 

 ͳʹ ଶ,ℎ௞௟ݏ = ͳ + 𝜐ܧ  (1.13) 

Combination of Eqs. (1.10) to (1.13) thus yields 

 ሺߝℎ௞௟′ ሻ𝜃ఋ = ଵ,ℎ௞௟ ሺ𝜎ଵଵݏ + 𝜎ଶଶ + 𝜎ଷଷሻ + ͳʹ ଶ,ℎ௞௟ ሺ𝜎ଵଵݏ sinଶ 𝜃 + 𝜎ଶଶ cosଶ 𝜃 sinଶ ߜ + 𝜎ଷଷ cosଶ 𝜃 cosଶ  ሻߜ

+ ͳʹ ଶ,ℎ௞௟ ሺ−𝜎ଵଷݏ sinଶ 𝜃 + 𝜎ଶଷ cosଶ 𝜃 sin ߜʹ + 𝜎ଵଶ sin ʹ𝜃 sin  ሻߜ

(1.14) 

as the inverse of the elastic stiffness tensor ܿ௜௝௞௟−ଵ is the elastic compliance tensor ݏ௜௝௞௟. 
In Eq. 1.13, ݏଵ,ℎ௞௟ and 

ଵଶ  ଶ,ℎ௞௟ are the hkl-dependent X-ray elastic constants (XECs) of theݏ

investigated material, derived from different grain interaction models [55]. 

Considerations of the stress states that are actually present in materials in practical 

applications result often in certain boundary conditions. They lead to the possibility of 

equating several components of the stress matrix or setting them to zero in many cases. 

One example are thin films, where the normal stress component 𝜎ଷଷ acting on the sample 

surface is negligible.[46,58] If furthermore (i) the presence of shear stresses can be 

excluded (𝜎௜௝ = Ͳሻ and (ii) an equi-biaxial stress state with 𝜎ଵଵ = 𝜎ଶଶ can be assumed, 

Eq. 1.10 can be simplified as follows: 

 ሺߝℎ௞௟′ ሻ𝜃ఋ = ሺ݀ℎ௞௟ሻ𝜃ఋ − ݀଴݀଴ =  ଵ,ℎ௞௟ ʹ𝜎ଶଶݏ

+ ͳʹ ଶ,ℎ௞௟ ሺ𝜎ଶଶݏ sinଶ 𝜃 + 𝜎ଶଶ cosଶ 𝜃 sinଶ  ሻߜ

(1.15) 

Similar to the ݏ𝑖𝑛ଶ𝜓-method, a linear relationship between ሺ݀ℎ௞௟ሻ𝜃ఋ and sinଶ  results in ߜ

this case as well. Thus, 𝜎ଶଶ can be assessed by a linear regression of the ሺ݀ℎ௞௟ሻ𝜃ఋ  vs. sinଶ  distribution. In case of FGMs, the normal stress component 𝜎ଷଷ in the ߜ

out-of-plane direction cannot be assumed to be zero and the linear regression results in a 

difference of present stresses between the in-plane and the out-of-plane direction 𝜎ଶଶ − 𝜎ଷଷ. 

This approach cannot be used for more complex stress conditions. In such a case, it is 

essential to know the unstressed lattice parameter ݀଴ at each measurement point at the 

sample. This is a critical point especially for FGMs, since the changing chemical 

composition of the FGM results in a change of the unstressed lattice parameter as well. 

Furthermore, the influence of each normal stress component and the shear-stress 

components on the diffraction cones (and finally the Debye-Scherrer rings) need to be 

considered. 
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As 𝜎ଵଵ is oriented parallel to the beam direction (Figure 7), this stress component cannot 

be assessed directly with sufficient sensitivity during a single CSmicroXRD experiment. 

To evaluate 𝜎ଵଵ it is therefore necessary, 

(i) to rotate the sample 90° around z and repeat the measurement (if the sample 

geometry allows for it) or 

(ii) to assume some boundary conditions (e.g. due to sample symmetry or because 

the sample has a negligible extension along the x direction in contrast to the y 

and z directions) or 

(iii) to consider several Debye-Scherrer rings simultaneously for the evaluation of 

stresses. In this case, the Debye-Scherrer rings should cover as large a 𝜃-range 

as possible.  

Contributions of the normal stress components 𝜎ଶଶ and 𝜎ଷଷ which are parallel to y and z 

(Figure 7), lead to an elliptical distortion of the Debye-Scherrer rings along its in-plane 

and out-of-plane dimensions, respectively. A further elliptical deformation of the Debye-

Scherrer rings can be caused by the shear stress component 𝜎ଶଷ. In contrast to the elliptical 

deformation due to 𝜎ଶଶ and 𝜎ଷଷ, the principal axes are oriented at an azimuth angle of 45° 

in this case.[46]  

The shear stress components 𝜎ଵଶ and 𝜎ଵଷ have an effect similar to a poorly adjusted beam 

center – they cause a vertical or horizontal displacement of the entire Debye-Scherrer 

rings along the horizontal or vertical direction. It follows, that the initial translational and 

rotational detector alignment is essential as a poor alignment would be misinterpreted as 

elastic strain. 

Complex stress states can finally be determined by solving a linear system of equations 

with up to six unknowns which can be derived from Eq. 1.13. The corresponding XECs 

are determined from databases or using grain interaction models. Since X-ray elastic 

strain values ሺߝℎ௞௟′ ሻ𝜃 can be determined for several azimuth directions δ by peak fitting, 

the unknown stress components can be derived numerically by least-squares fitting of the 

over-determined system of equations applying matrix algebra [46,58]. It follows, that the 

2D diffraction pattern must not only be azimuthally integrated in the range of 

0 < d < 360°, but in n azimuthal sectors e.g. of 5 or 10° in width are considered as 

integration boundaries. This results in a set of e.g. n = 72 (or 36) I(2θ, δ) profiles which 

can subsequently be used for the δ-angle dependent peak fitting. [46,58] 

A useful approach to fit the functions of the peak-profiles is the so-called pseudo-Voigt 

function which  is a linear superposition of Gaussian and Lorentzian peak functions 

formulated with diffraction-related quantities and can be expressed through 
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 𝐼ሺʹ𝜃, ሻߜ = ߤ  𝐼଴
ͳ + ቌʹ𝜃 − ʹ𝜃଴ͳʹ ߚ ቍଶ + ሺͳ + ݌ݔ݁ ሻ 𝐼଴ߤ [−݈𝑛ʹ ቌʹ𝜃 − ʹ𝜃଴ͳʹ ߚ ቍଶ] 

(1.15) 

where I(2θ, δ), 𝐼଴, ʹ𝜃଴, ߤ ,ߚ and ʹ𝜃 are the angle-dependent intensity, the maximal peak 

intensity, the XRD peak’s center position, the FWHM of the peak, the ratio of Lorentzian 

over Gaussian proportion to the peak function and the considered diffraction angle, 

respectively. The main results of the peak fit that are used also for further evaluations are ʹ𝜃଴ and ߚ. 

Again, it should be noted that the evaluation described above is capable of determining 

only first-order, i.e., macroscopic residual stresses. The presence of residual stresses of 

second and third order (i.e., micro-stresses) contributes to the broadening of the peak 

instead. Other factors also contribute to peak broadening. One of them is the size of 

coherently diffracting domains. The following section deals with the interpretation of the 

microstructure morphology from the orientation-dependent peak width.  

2.2.1 Derivation of the microstructural morphology 

As mentioned on page 24, the size of coherently scattering domains influences the width 

of diffraction peaks, and thus also the width of the corresponding hkl Debye-Scherrer 

rings. This relationship was first reported by Scherrer [65] and is known as the 

Scherrer equation, which reads 

ܦ  = cos ߚߣ ܭ  𝜃 (1.16) 

where D is the size of coherently scattering domains and is often referred to as particle 

size. The variables ߚ ,ߣ and 𝜃 denote the wavelength of the X-rays, the FWHM of the hkl 

peak and the Bragg angle (Figure 9), respectively. K is a dimensionless factor that 

depends on the crystallite shape (globular or angular) and typically lies in the range 

between 0.9 to 1.0 [46,57]. It follows, that smaller grains result in a larger FWHM and 

vice versa. According to the underlying theory, the signal of a perfect crystal lattice of 

infinite extent would lead to an infinitely sharp diffraction peak and, in conclusion any 

deviation from the perfect crystal lattice must result in a broadening of the peak. As 

mentioned, several other factors (micro-strains/stresses, crystallographic defects, 

diffractometer optics) as well contribute to peak broadening and need to be considered 

and subtracted in order to minimize the evaluation error. [57] 

In CSmicroXRD experiments performed with  area detectors, ߚℎ௞௟ሺߜሻ which is the 

FWHM of different Debye-Scherrer rings in arbitrary δ-directions, can be used to derive 
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the size of coherently scattering domains that are oriented in different directions within 

the y-z-plane of the polycrystalline sample. Due to the direction-dependent broadening of 

peaks, the morphological orientation of non-equiaxed grains can be assessed. Moreover, 

it is possible to distinguish globular from columnar or acicular grain shapes. [46] 
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3 Determined Novel Features in Graded Materials and 
Conclusions 

This doctoral thesis deals with the fabrication of different FGMs by advanced production 

methods and a length-scale adapted characterization of these materials. The main 

objectives were to develop new methods (i) which are suitable for the fabrication of multi-

metal materials with high spatial resolution, and (ii) that enable cross-scale studies in 

different FGMs to obtain results that accelerate their development and optimization. 

Results were verified by various standard analytical methods and correlated with their 

results. This section summarizes major findings which could not be assessed by other 

characterization methods and puts these results in context with the state of the art. 

3.1 Synthesis of FGMs by Liquid-dispersed Metal Powder Bed 

Fusion 

The production of thick FGMs by AM is currently a topic which is intensively studied in 

the AM community.[1,21] In this thesis, LDM-PBF-LB was applied and further 

developed to synthesize metal-based FGAMs for the first time by combining two alloys. 

The first sample (extensively characterized and discussed in the context of Paper I) was 

designed in order to evaluate the spatial resolution in out-of-plane direction which is the 

direction parallel to the AM build direction (cf. Figure 3). This so-called inter-layer 

resolution was determined to be about 60 µm. In a second sample, the two metal alloys 

were also varied within individual layers achieving a spatial resolution of about 1 mm 

(intra-layer resolution). The characterization of the latter sample was the subject of Paper 

IV. 

Apart from the novel approach of using metallic slurries as feedstock for a powder bed-

based process, LDM-PBF-LB with a comparatively high resolution limit was found to be 

a potential method for fabricating bio-inspired thick FGAMs. 

The characterization of the microstructure using high-resolution characterization methods 

such as STEM and TEM-EDX led to the identification of homogenously distributed, 

nano-scaled oxides that are able to enhance the mechanical strength of metal alloys. 

Oxides are formed through reactive additive manufacturing during the LDM-PBF-LB 

process as oxygen is provided by the water-based binder system. Hence, the binder system 

can be used as another influencing factor for tailoring chemical and mechanical properties 

during the build process. 
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The application of CSmicroXRD 2D-mapping contributed to the understanding of the 

evolution of residual stresses in AM specimens and, in particular, in the interfacial regions 

of the two processed metal alloys 316L and IN625 (cf. Paper IV). The entire sample cross-

section of the multi-metal sample was scanned in the y- and z-directions and the 

distribution of phases, textures, microstructure morphology and residual stresses were 

investigated. The determined distribution of residual stresses on the sample cross-section 

explains, in particular, the origin of delamination effects at the sample edge and the 

occurrence of micro-cracking with a crack progression parallel to the build direction in 

the sample interior. 

3.2 Modification of Crystallographic Texture by Different Hatch 

Strategies 

Stainless steel 316L produced by different AM methods is already a well-studied metal 

alloy and different influencing factors on the evolution of the microstructure have been 

intensively studied [66]. In this thesis, the influence of different hatch strategies in a 

standard PBF-LB process on the development of crystallographic textures was 

investigated as subject of Paper III. A novel result obtained is the correlation between the 

applied hatch strategies and the deformation mechanisms observed under uniaxial 

loading. While uniform deformation of the specimen cross-section was documented in 

two of three differently manufactured specimen sets, the third set showed a pronounced 

flow behavior of the material transverse to the loading direction. This effect could be 

explained by micro-twinning which was not observed in case of the other specimen sets. 

Moreover, a delayed work hardening was reported in case of the samples that exhibited 

micro-twinning. 

3.3 Reverted Austenite Formation at the Diffusion Front of a 

Plasma-nitrided Hot-work Steel W300 

The interstitial diffusion of nitrogen during nitriding leads to the displacement of free 

carbon to greater depths. CSmicroXRD revealed the formation of an austenite phase 

ahead of the nitrogen diffusion front. The presence of austenite prior to the low-pressure 

plasma nitriding treatment can be excluded as otherwise, homogenously distributed 

(retained) austenite would have been found also at greater sample depths. Hence, it has 

to be concluded, that a local phase transformation from martensite to (reverted) austenite 

took place during nitriding even though this effect had not yet been reported for a steel 
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with a nominal chemical composition of 0.39C-0.97Si-0.43Mn-0.21Ni-5.0Cr-1.14Mo-

0.35V. 

In addition, the variation of chemistry and phases along the sample’s cross-section led to 

the evolution of a complex residual stress distribution, exhibiting two compressive 

residual stress peaks – one close to the sample surface and a second one at the interface 

between the diffusion zone and the core material which was also found to be the position 

with the maximal austenite content. 

Current state-of-the-art standard characterization performed by laboratory XRD would 

not be able to detect the presence of the austenite phase as the experimental setup 

(reflection geometry) allows only for a very small penetration depth of the X-rays [46]. 

3.4 Dynamic Recrystallization and Texture Formation During 

High-energy Shot Peening of a 300M Steel 

Shot peening applying high energies at the surface of a heat-treated 300M steel led to a 

significant grain refinement (represented in CSmicroXRD through the size of coherently 

scattering domains) of the microstructure within the first ~20 µm of the influenced region. 

Furthermore, {110} lattice planes of the bcc-crystal structure were found to exhibit a 

preferential orientation perpendicular to the sample’s surface normal vector in the same 

region. Moreover, the mechanical surface-treatment of the low-alloy steel with a nominal 

chemical composition of 0.42C-1.65Si-0.80Mn-1.8Ni-0.80Cr-0.30Mo-0.80V induced a 

transformation of retained austenite to martensite that contributed (additionally to the 

peening treatment) to the evolution of compressive residual stresses due to volume 

expansion at depths smaller than 20 µm. 

The results of this application example show the easy transferability of CSmircoXRD to 

the analysis of FGMs, whose gradients were generated by different methods. 

Furthermore, results from CSmicroXRD experiments correlate with results from various 

standard characterization methods. Thus, these findings contribute to the use of 

experimentally determined values in database models in the future, for example to 

simulate residual stress curves based on measured hardness profiles on the cross-section. 
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4 Outlook and Impulses for Further Scientific Work 

The successful application of CSmicroXRD for the advanced characterization of FGMs 

and FGAMs was demonstrated by selected examples. These results were correlated with 

the results of standard characterization methods like optical microscopy, scanning and 

transmission electron microscopy, hardness and tensile tests. 

In addition to the results summarized and discussed in the four attached publications, the 

following new questions and impulses emerged that might be investigated in further 

scientific work. 

a) The transferability of CSmicroXRD characterization and its relevance to other 

biological FGMs (wood) [67] and homogenous PBF-LB fabricated samples has 

been demonstrated in further co-authored papers. Similar to the results presented 

in Paper II, it was shown that first-order residual stresses can be simultaneously 

determined in the martensite and austenite phases of a tool steel. [68] 

Regarding the cross-sectional characterization of FGMs and FGAMs using 

CSmicroXRD, it is important to continue working on solutions to determine 

correct values of unstrained lattice parameters and XECs which is especially 

demanding for interface regions between two or more different materials. 

However, a similar approach as in case of the aforementioned tool steel could be 

applied here. 

b) The selection of shot peening parameters based on Almen intensities is a common 

method in industrial practice. However, so far, no studies relate the introduced 

residual stresses to the deformations of the Almen platelets. Now that the material 

and geometry of the platelets used have been standardized, the comparison of the 

deformation with the introduced residual stresses lends itself to this method. In a 

next step with relevant industrial application, the correlation of the introduced 

residual stresses with the mechanical properties of the Almen platelets and the 

actually irradiated materials could be worked out. 

c) A broad scientific and industrial application of reactive additive manufacturing 

requires to influence the oxides formed during the AM process in terms of their 

size, shape, distribution, morphology and chemical composition. Thus, further 

studies on the influence of process parameters, alloy and binder design are needed 

to deepen this understanding. Another impulse is to provide tiny ceramic particles 

via the feedstock or as additives in the binder. These ceramic particles could serve 

as nucleation sites for the formation of reinforcing particles during the printing 

process. 
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d) In case of multi-metal materials, the inter-layer spatial resolution (i.e., parallel to 

the build direction during PBF) was determined to be sufficient for a further 

application in the synthesis of biomimetic FGAM samples. However, the intra-

layer spatial resolution (i.e., perpendicular to the build direction during PBF) 

needs to be improved further. It is important that a scale is reached, which is 

sufficient for exceptional mechanical behavior in biological structures (typically 

below 100 µm). 

e) The consolidation of ceramic particles to solid parts depends on temperature (high 

enough to enable diffusion) and time (long enough to enable sufficient diffusion). 

Even though in LD-PBF-LB the temperatures to sinter ceramic particles are 

reached, the diffusion time during the process is too short to reach a consolidation 

of the material. However, it could still be possible to fabricate metal-ceramic 

composites using this method. Preferably, a metal alloy that has to be heat-treated 

in a downstream process anyway (for example to form precipitates) is selected. In 

the course of this heat treatment, it could then also be possible to consolidate the 

ceramic part of the FGAM multi-material during the longer holding time at 

elevated temperatures.  

f) Since PBF-LB process parameters must be optimized for individual metal alloys, 

it is important that individual areas within the powder bed, containing one type of 

alloy, are melted with the specific process parameters. This is not trivial by 

default. A conceivable solution would be to use a combination of different process 

monitoring solutions (e.g. pyrometry, high-speed monitoring, and acoustic 

diagnostic) and feedback their signals in-situ to a process optimization algorithm 

which can regulate the parameters during printing within certain limits. The basic 

requirements for this are, on the one hand, the simultaneous processing of several 

input signals via a suitable high-throughput artificial intelligence software and, on 

the other hand, the availability of hardware that allows sufficiently high data 

transmission and computing speeds. 
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Abstract 

Synthesis of multi-metal hybrid structures with narrow heat affected zones, limited 

residual stresses and secondary phase occurrence represents a serious scientific and 

technological challenge. In this work, liquid dispersed metal powder bed fusion was used 

to additively manufacture a multilayered structure based on alternating Inconel 625 alloy 

(IN625) and 316L stainless steel (316L) layers on a 316L base plate. Analytical scanning 

and transmission electron microscopies, high-energy synchrotron X-ray diffraction and 

nanoindentation analysis reveal sharp compositional, structural and microstructural 

boundaries between alternating 60 µm thick alloys’ sub-regions and unique 

microstructures at macro-, micro- and nano-scales. The periodic occurrence of IN625 and 

316L sub-regions is correlated with a cross-sectional hardness increase and decrease and  

compressive stress decrease and increase, respectively. The laser scanning strategy 

induced a growth of elongated grains separated by zig-zag low-angle grain boundaries, 

which correlate with the occurrence of zig-zag cracks propagating in the growth direction. 

A sharp <110> fiber texture within the 316L regions turns gradually into a <100> fiber 

texture in the IN625 regions. The occurrence of the C-like stress gradient with a 

pronounced surface tensile stress of about 500 MPa is interpreted by the temperature 

gradient mechanism model. Chemical analysis indicates a formation of reinforcing 

spherical chromium-metal-oxide nano-dispersoids and demonstrates a possibility for 

reactive additive manufacturing and microstructural design at the nanoscale, as a 

remarkable attribute of the deposition process. Finally, the study shows that the novel 

approach represents an effective tool to combine dissimilar metallic alloys into unique 

bionic hierarchical microstructures with possible synergetic properties. 

 

Keywords: Powder Bed Fusion; Microstructure and Stress; Multi-Metal Material; 

Stainless Steel; Inconel 
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6.1 Introduction 

Multi-material hybrid structures in nature and technology combine properties of their 

individual constituents throughout complex microstructures to achieve synergistic 

effects, like improved mechanical properties and oxidation resistance, which go beyond 

the properties of their monophasic counterparts [1-3]. Typically, multilayered, composite 

and hierarchical microstructures are used to achieve improved functionality by combining 

materials with different physical properties [2,4-7]. Similarly, functionally graded 

materials (FGMs) are designed to comply with spatially variable functional requirements 

like strength, oxidation resistance or toughness by adopting gradients of dissimilar 

phases, microstructure and/or residual stresses [8-10]. However, joining of metals into 

multi-metal hybrid structures with diffuse or abrupt interfaces between the individual 

phases or alloys and narrow heat affected zones resulting in limited the first-order residual 

stress, macroscopic distortion and secondary phase formation represents still a serious 

technological challenge [11]. 

By their principle of a sequential layer-by-layer deposition, additive manufacturing 

technologies (AM) are ideally suited to manufacture parts with complex external and 

internal geometries [3,12-14]. Additionally, powder and wire feed material supplies have 

been known to allow for an adjustment of volume fraction of metallic components [15-

17]. In particular, the directed energy deposition (DED) approach, in which powder is fed 

into the melt-zone and molten at every layer by a laser, can be used to fabricate 

components with a variable layer-by-layer composition and unique microstructures [18]. 

Within this contribution, however, a novel laser powder bed fusion-related technology, 

based on liquid dispersed metal powder, is used to produce a multi-metal hybrid structure.  

The fabrication of FGMs using AM technologies allows for generating property-specific 

part areas by matching the process parameters to the localized functionality [19]. It is 

however common that combining dissimilar metals using AM technology may result in 

the formation of compositional and microstructural inhomogeneities as well as in 

secondary phases and stress concentrations, which may decisively deteriorate part’s 

functional properties [20-22]. 

A significant effort has been devoted to the development of multi-material additive 

manufacturing (MM-AM) of hybrid structures, reviewed recently in Ref. [3]. Exemplary 

AM systems equipped with several powder feeders were used to prepare graded Ti-V 

[23][24], Ti-Mo [24], V-Ti6Al4V alloy [25], stainless steel-Ti6Al4V alloy [26] and 

Ti-6Al–4V/Ti–6.5Al–3.5Mo–1.5Zr–0.3Si [27] materials with novel refined 

microstructural features, aiming at aircraft and aero-engine applications. Similarly, 

bimetallic structures like Inconel 718-copper alloy GRCop-84 [28] and stainless steel 
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304L-Invar 36 [25] as well as gradient structures like Ti–TiO2 [29] and yttria-stabilized 

zirconia-steel [30] were fabricated.  

In the field of nuclear and steam power plants, aerospace and/or repair applications, 

especially high strength, corrosion and oxidation resistance and/or creep and fatigue 

resistance are required [31,32]. For this reason, MM-AM of stainless steel (SS) and 

Inconel have been extensively explored [33,34]. Carroll et al. [35] reported on fabrication 

of Inconel-steel FGM with diffuse compositional, structural and microstructural 

boundaries by applying gradually varying mixtures of Inconel 625 and grade 304L SS 

powders. The observed formation of cracks with a length of several hundred microns in 

a region with 79 wt% SS 304L and 21 wt% IN625 was attributed to the presence of 

secondary phases of transition metal carbides in the form of (Mo,Nb)C. Similarly, aiming 

at nuclear fission reactor applications, Hinojos et al. [36] studied the joinability of Inconel 

718 and 316L SS and vice versa utilizing electron beam melting (EBM) and reported 

abrupt compositional, structural and microstructural boundaries as well as low 

concentration of typical welding features. Cracking observed at the 316L/IN718 interface 

was attributed to the deformation constrains imposed by IN718. Additionally, using 

finite-element numerical analysis, Hofmann et al. [9] showed that a gradient transition 

from SS 304L to IN625 across an automobile valve stem are expected to exhibit ten times 

lower stress at the transitioning zone at 1000 K compared to a friction stir-welded joint 

of the same materials.  

In general, all previous studies on FGMs combining nickel-based alloys and steel 

indicated complex process-microstructure-stress-properties relationships [35,36]. 

Additionally, FGMs produced with diffuse and abrupt interfaces comprise usually unique 

microstructures with secondary phases and precipitates like (Mo,Nb)C, M23C6, NbC 

[35,36] etc. and there were cracks with lengths up to several 100 µm observed 

systematically in the transition regions [35]. These findings indicate that there is a 

significant potential to further optimize the functional properties of the particular nickel-

based alloys-steel FGMs by knowledge-based microstructural design, including a 

development of novel deposition routes and recipes. 

For this work, the non-precipitation hardening alloy Inconel 625 (IN625) and stainless 

stee grade 316L (316L) are selected to fabricate a multi-metal hybrid structure. A 

relatively novel deposition technique based on liquid dispersed metal powder bed fusion 

is used to form a complex microstructure with multilayered morphology, zig-zag grain 

boundaries, multiscale interfaces and ceramic nanoparticle reinforcement. The three-fold 

work objectives encompass (i) exploring the possibilities and advantages of the liquid 

powder bed fusion technology, (ii) analyzing gradients of phases, microstructure, 

composition and mechanical properties at multiple length-scales using correlative cross-

sectional micro-analytics and (iii) additive manufacturing of multi-metal hybrid 
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materials. Additionally, reactive additive manufacturing as an integral part of the liquid 

dispersed metal powder bed fusion process is introduced in order to indicate the 

possibility to tailor mechanical properties of the grown structures by integrating 

homogeneously dispersed nanoparticles. 

6.2 Materials and methods 

For the synthesis of a multi-layered IN625–316L structure on a 3 mm thick 316L stainless 

steel base plate, a prototype system LASERFLEX Conflux based on liquid dispersed metal 

powder bed fusion (Fig. 1) was used. As input material, AISI 316L (specified with 

~[65, 12, 18, 2] % of Fe, Ni, Cr and Mo, respectively, as well as other balancing elements 

with less than ~1 % concentration) and IN625 (specified with ~[58, 20, 8, 4] % of Ni, Cr, 

Mo, Fe and Nb, respectively, as well as other balancing elements with less than ~1 % 

concentration) metal particles with d50-diameters of ~4.2 and ~3.4 μm, respectively, were 
applied. In order to produce two powder suspensions, the particles were dispersed in an 

aqueous solution enriched with an ethanol-based micropolymer glue. Individual IN625 

and 316L layers were produced by (i) lowering the building platform by ~30 µm, 

(ii) depositing the particular suspension, (iii) wiping the metal suspension across the 

building platform, (iv) waiting for a few seconds in order to dry and densify the liquid 

powder bed in the inert nitrogen atmosphere and (v) melting the dried metal powder in 

the nitrogen atmosphere, using a laser source (cf. Fig. 1). The laser system and its optics 

provides radiation with a wavelength of 1064 nm and a spot size of ~12 μm. A laser power 
of 137 W, a scan speed of 500 mm/s, a hatch distance of 90 µm and a hatch rotation angle 

of 66 degrees between the layers were used. These process parameters were identical for 

both alloys. The temperature of the base plate was kept at ~25°C. After the laser melting 

the described procedure from (i) to (v) was repeated to produce the next layer. For further 

microscopy analysis, the structure’s cross-section was mechanically polished using a 

standard colloidal silica polishing suspension by Struers with a particle size of 0.04 µm 

(O-PS polishing suspension).  
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Figure 1. A schematic description of the liquid dispersed metal powder bed fusion process. Within the 

first step, a suspension layer with a thickness of ~30 µm containing metallic 316L or IN625 particles is 

applied on the 316L base plate or on already existing build-up. Then, the suspension dries in a nitrogen 

flow and densifies to a thickness of ~25 µm. Finally, a laser source is used to fuse the particles together 

and to produce a new metallic layer of ~20 µm in thickness, which is reinforced with dispersed 

nanoceramic particles (cf. Sec. 3.6). 

The approach from Fig. 1 was used to grow two multi-layered IN625-316L plate 

structures, identical in their morphology, with overall dimensions of ~(15×2×7) mm³ 

each, on a 316L SS base plate with dimensions of ~(40×40×3) mm³ (Fig. 2a). Both 

structures possessed a complex irregular cross-sectional morphology introduced in Fig. 

2b. The aim behind selecting this specific morphology was primarily to evaluate the 

accuracy of the deposition approach to fabricate relatively thin mono-alloy layers, to 

obtain information on the intermixing of IN625 and 316L alloys, to analyze 

microstructural evolution at and near inter-alloy interfaces and to evaluate cross-sectional 

residual strain across the structure. Further on, experimental results obtained only from 

one structure will be presented. 
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Figure 2. Synthesis and geometry of the IN625-316L structure. (a) Various stages of the fabrication 

process to produce two identical multilayered plates. (b) On a 316L base plate, ~1 mm thick layer of 316L 

was grown followed by four regions R1-R4 including IN625, which are always separated by ~1 mm of 

316L. The deposition was finalized by ~1 mm of IN625 on top. As indicated in (b) left, the R1-R4 regions 

consist of 3 (R1) and 5 (R2) layers of IN625, alternating IN625 and 316L layers in R3 and alternating 

groups of three IN625 and three 316L layers (R4). The thickness of every individual layer was set to 

~20 µm (cf. Fig. 1). 
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Optical microscopy (OM) characterization was performed using an Olympus BX51 

system. Scanning electron microscopy (SEM), electron backscatter diffraction (EBSD) 

and energy dispersive X-ray analysis (EDX) were performed using a Gemini SEM 450 

and an AURIGA CrossBeam systems from Carl Zeiss. A cross-sectional transmission 

electron microscopy (TEM) lamella with a thickness of ~50 nm was fabricated using 

focused ion beam (FIB) machining within the Zeiss Auriga system by applying an 

acceleration voltage of 30 kV and currents in the range from 20 nA to 50 pA. The lamella 

was extracted from a sample region containing an interface between the two alloys. 

Microstructural and chemical characterization of the lamella was performed using 

scanning TEM (STEM) mode in a probe-corrected FEI Titan Themis platform operated 

at 200kV and equipped with a Gatan Enfinium ER spectrometer as well as FEI Super-X 

EDX four quadrant detectors. The collected EDX signal was treated using Bruker Esprit 

software applying built-in standards.  

Nanoindentation experiments were conducted using a platform Nanoindenter G200 with 

a Berkovich diamond tip in strain-rate controlled mode. A sinusoidal load signal was 

superimposed during the continuous sample loading in order to record the contact 

stiffness. Tip shape and frame stiffness calibrations were performed on a regular base 

according the Oliver and Pharr method [37]. Arrays of indents with an indentation depth 

of ~1 µm and a minimum distance of ~20 µm between the indents were positioned over 

the R1-R4 regions. Hardness and indentation moduli were evaluated for the four regions 

as well as for bulk IN625 and 316L. 

Synchrotron characterization of the multi-layered sample was performed at the high 

energy materials science (HEMS) beamline P07B of PETRA III at DESY in Hamburg, 

which is operated by Helmholtz Zentrum Geesthacht. The experimental setup is presented 

schematically in supplementary data. The sample characterization was performed using 

a monochromatic beam of 87.1 keV photon energy and a cross-section of ~20×500 µm, 

which was directed approximately parallel to the interfaces between IN625 and 316L. To 

perform a scanning cross-sectional X-ray micro-diffraction experiment (CSmicroXRD), 

the sample was moved along the growth direction with an increment of 20 µm. Almost 

400 diffraction patterns, each with multiple Debye-Scherrer (DS) rings, were recorded 

from the sample’s cross-section in transmission geometry using a Perkin Elmer two-

dimensional (2D) flat panel detector of 2048×2048 pixels with a pixel pitch of 200 µm. 

The sample-detector distance was set to ~1.3 m. A dark current correction was applied to 

each exposure. The exact geometry and distance of the detector with respect to the 

sample’s position was determined using a LaB6 calibration standard powder. Diffraction 

data were treated using the pyFAI software package developed at the European 

Synchrotron Radiation Facility [38] and evaluated using custom scripts written in Python. 
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6.3 Results  

6.3.1 Cross-sectional morphology  

The morphology of the polished IN625–316L structure cross-section was analysed using 

OM and SEM. The OM micrograph in Fig. 3 shows the base plate, the five ~1 mm thick 

regions of 316L, the regions R1-R4 and a ~1 mm thick IN625 region on top (cf. also 

Fig. 2b). The interfaces between the layers appear to propagate parallel to the base plate 

surface and indicate that the microstructure is laterally homogeneous. The interface 

between the multi-layered structure and the base plate does not show any features of 

intermixing or dilution. 

A variety of cracks were found at the structure’s cross-section with a very typical zig-zag 

morphology. A representative example of one zig-zag crack is shown in the inset of Fig. 3 

(cf. also OM and SEM micrographs in supplementary data). Comparable zig-zag cracks 

were found in the regions R1-R4 as well as in the top-most ~1 mm thick IN625 region. 

Their occurrence can be correlated with the presence of IN625. The cracks propagated 

across the layers of both alloys within regions R1-R4 and approximately in the structure’s 
growth direction, their origins will be discussed in Secs. C.2 and 3. 

 

Figure 3. OM micrograph showing the multi-layered IN625-316L structure cross-section with ~3 mm 

base plate, five ~1 mm thick 316L regions separated by the regions R1-R4 with IN625 layers and layer-

groups, respectively, and an IN625 region on top. The base plate’s surface exhibits a concave bending. 
The inset at the right shows the cross-sectional morphology of a typical crack (cf. supplementary data). 

 

The OM micrograph in Fig. 3 shows that the upper surface of the base plate shows a slight 

concave bending, which indicates the presence of compressive and tensile residual stress 
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states within the top and bottom regions of the plate, respectively [39]. Consequently, it 

can be expected that the near-base plate region of the structure possesses tensile stresses 

which change gradually into compressive at the structure’s surface. The stress formation 
is a result of the structure fabrication and its origins will be discussed in the next section.  

Fig. 3 as well as all SEM and TEM micrographs presented along the text are shown in 

full resolution in supplementary material. 

6.3.2 CSmicroXRD analysis 

In order to obtain grain-averaged information on the cross-sectional distribution of 

crystalline phases, texture and strain across the multi-layered structure, CSmicroXRD 

was carried out and volume-averaged data from the 2 mm thick sample (Fig. 2a) (along 

the X-ray beam direction) were collected. XRD data obtained by an azimuthal integration 

of the complete Debye-Scherrer rings in Figs. 4a and b show a cross-sectional evolution 

of IN625 and 316L reflections. Since both alloys possess face-centered cubic (fcc) lattice 

and lattice parameters of stress-relieved IN625 matrix and 316L steel differ only a few 

percent (depending on the actual alloy composition), fcc reflection positions (modified 

by the residual stress gradient) in Fig. 4a vary only marginally. Moreover, no other 

reflections from secondary intermetallic phases like ’, ’’ and  in IN625 [40] or ferrite 

and carbide phases in 316L [41] can be identified in this phase plot. It should be however 

noted that quantitative XRD analysis is not sensitive to secondary phases with volume 

fractions smaller than 3-10 %, depending on the crystallite size. The evolution of IN625 

and 316L 311-reflections in Fig. 4b reveals also the presence of the individual R1-R4 

layers, the top IN625 region as well as the base plate. The data in Fig. 4b allowed 

resolving also the presence of five groups of layers within region R4, which correlate with 

the multiple alternation of three IN625 and three 316L layers. 
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Figure 4. Results from CSmicroXRD on the multi-layered structure. (a) The phase plot reveals only the 

presence of fcc reflections of IN625 and 316L alloys with very similar lattice parameters. (b) The 

evolution of IN625 and 316L 311 reflections shows the positions of R1-R4 regions, the top IN625 layer 

and the base plate. (c) The strain/stress plot indicates a dominant C-shaped stress depth dependence with 

compressive stress relaxations at the positions of R1-R4 regions. (d-g) The texture plots show the 

distributions of diffraction intensities along Debye-Scherrer rings for IN625 and 316L 220, 111, 200 and 

311 reflections. 

 

The layer-by-layer laser melting process, which is accompanied by the generation of 

localized high thermal loads during the metal powder bed fusion (Fig. 1), results in the 

formation of complex multiaxial residual stress distributions [42] whose tensile stress 

concentrations may significantly influence the mechanical stability of the fabricated parts. 
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In the case of multi-metal hybrid structures like in Fig. 3, (i) thermal stresses are expected 

to be formed as a result of the mismatch of respective coefficients of thermal expansion 

(CTEs) of  ~15x10-6K-1 [43] and ~18x10-6K-1 [44] at 100°C between IN625 and 316L 

regions. Additionally, (ii) growth stresses are formed as a result of complex cross-

sectional microstructure and stress evolution during the fabrication process accompanied 

by cyclic elasto-plastic deformation. As the presence of residual stress was indicated by 

the base plate’s bending (Fig. 3), scanning CSmicroXRD was used to assess cross-

sectional strain-stress distributions in the structure. The motivation was to obtain 

qualitative data and assess the role of particular microstructural features in the formation 

of stress. IN625 and 316L 311-Debye-Scherrer rings collected from the individual cross-

sectional structure positions were evaluated with regard to their ellipticity. The obtained 

data were used to estimate depth gradients of X-ray elastic strains and residual stresses. 

For the evaluation, it was supposed that the shear X-ray elastic strains 𝜀௜௝311 and shear 

residual stresses 𝜎௜௝ can be neglected for simplicity. In this case, the measured ellipticity 

is proportional to the difference of in-plane and out-of-plane residual stresses of 𝜎11-𝜎33 

and X-ray elastic strains 𝜀11311 − 𝜀33311, which were evaluated using the Hill grain 

interaction model applying appropriate X-ray elastic constants [45,46]. Since the out-of-

plane stresses 𝜎33 can be supposed to be relatively small, due to the free sample surface, 

the evaluated 𝜎11 − 𝜎33 values from Fig. 4c can be therefore used to describe an evolution 

of the in-plane stresses 𝜎11 across the structure’s cross-section.  

The surface region of the base plate is in compression [39] and the stress profile across 

the multi-layered structure exhibits a complex oscillatory stresses behaviour, which is 

superimposed on a dominant C-shaped stress depth dependence (Fig. 4c). According to 

the temperature gradient mechanism (TGM) model [39,42,47], the C-shaped stress profile 

across the multi-layered structure can be interpreted by the effect of the cyclic heating of 

the mechanically restrained preceding metallic layers, which results in the formation of 

compressive stresses and material plastification. During cooling down, tensile stresses are 

formed in the plastified surface zone (like in the top-most ~1 mm thick IN625 region in 

Fig. 4c), which are balanced by compressive stresses in the build-up zone beneath and in 

the base plate. Additionally, the oscillatory stress behaviour in Fig. 4c indicates that the 

growth of 316L layers results systematically in an increase of compressive stresses at all 

five cross-sectional positions in the structure. Conversely, the deposition of IN625 results 

in a systematic relaxation of compressive stresses. The resulting compressive stress 

oscillations can be interpreted by a higher degree of plastic strain generation in 316L 

compared to IN625, which is due to a lower yield strength of 316L, as well as by a stress 

relaxation in IN625 manifested by the formation of zig-zag cracks, as visible in Fig. 3. It 

is clear, however, that this qualitative explanation of the stress gradient formation is very 

simplified and the formation depends on a variety of process and material parameters like 
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heat source path and heat transfer to the underlying layers, temperature distributions, local 

thermal conductivity, local yield strength and local CTEs. Moreover, due to their unique 

microstructures, materials’ parameters are temperature- and , thus, laser power-dependent 

[17].  

The plots in Figs. 4d-g show azimuthal distributions of diffraction intensities along IN625 

and 316L 220, 200, 111 and 311 Debye-Scherer rings and document thus a qualitative 

evolution of crystallographic texture across the structure. Since the angle 0 and 90 degrees 

in Figs. 4d-g correspond to the out-of-plane and in-plane orientations of the diffraction 

vectors, respectively, the results indicate the presence of <110> fibre texture, which 

evolves gradually in the first 316L layer and saturates within ~0.4 mm above the base 

plate. Thereafter, it is preserved in all subsequent 316L layers (Fig. 3d). This is 

documented for instance by the strong azimuthal maxima of 220, 200 and 111 reflections 

at ~0°, ~45° and ~35°, respectively. These maxima correspond to the angles of ~45° and 

~35° between (110) and (100) as well as (110) and (111) crystallographic planes, 

respectively. The occurrence of azimuthal maxima broadening at the positions of R2, R3 

and R4 regions indicates that the addition of IN625 weakens the <110> fibre texture, 

which practically disappears or even turns into a <100> fibre texture within the top IN625 

sublayer. The results also reveal that the base plate is not free from texture, but there is a 

certain type of a weak biaxial texture. This is represented in Figs. 4d,e by the occurrence 

of weak maxima at ~0 and ~90 degrees for 220 and 111 reflections, respectively. 

6.3.3 Local texture analysis 

In Fig. 5, EBSD micrographs show the cross-sectional evolution of crystallite orientations 

and microtexture along the in-plane and out-of-plane sample axes [100] and [001], 

respectively, at the interface between the base plate and the first 316L layer (Fig. 5e,f) 

and across the regions R1 (Fig. 5c,d) as well as R4 (Fig. 5a,b). The data in Fig. 5e 

document that the apparently homogenous microstructure of the base plate with globular 

grains with an average size of ~12 µm in diameter rapidly turns into a textured 

microstructure with elongated grains and an average grain length of ~108 µm within the 

first 316L layers. In case of all five ~1 mm thick 316L layers, the EBSD data indicate the 

presence of a relatively pronounced <110> fibre texture with random in-plane crystallite 

orientations (e.g. along [100] and sample direction), in agreement with the data from Figs. 

4d-g. 
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Figure 5. EBSD data show the orientation of the crystallites with respect to the in-plane and out-of-plane 

sample axes [100] and [001], respectively, at the interface between the base plate and the first 316L layer 

(e,f) and across the regions R1 (c,d) as well as R4 (a,b). These microtexture data indicate the presence of 

a columnar grain morphology and a <110> fibre texture in both alloys (cf. also supplementary data). The 

zig-zag patterns in the microstructure are indicated by black, dotted lines and white arrows (a, c d). The 

dark arrow in (a) indicates the growth direction. 

 

The region R1 (Figs. 5 c,d) shows a very localized grain refinement and a small change 

in the crystallite orientation, which however seemingly does not influence the cross-

sectional microstructure significantly. In other words, the insertion of the three IN625 

layers (cf. Figs. 2b,3) did not influence the epitaxial overgrowth of the individual layers 

resulting in the preservation of the columnar grain microstructure as well as texture. This 
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is in agreement with the XRD results from Figs. 4d-g, where also no significant texture 

disruption was observed within the region R1. The behaviour of the preserved crystallite 

microtexture can be interpreted by very similar lattice parameters of both alloys, differing 

only a few percent, which clearly promoted a heteroepitaxial overgrowth.  

The EBSD data from the region R4, however, indicate changes in the crystallite 

orientation (Figs. 5a,b) caused by the addition of IN625 sublayers, namely the <110> 

fibre texture was gradually disrupted as can be seen especially in Fig. 5b. This observation 

is in agreement with the XRD data from Figs. 3d-g, which also showed that the deposition 

of multiple IN625 layers induces a gradual texture randomization.  

Moreover, the EBSD results from Fig. 5 document a zig-zag cross-sectional morphology 

of elongated grains (and low-angle grain boundaries with a misorientation angle less than 

about 15 degrees), which is obtained as a result of the applied scanning strategy. Grain-

boundary maps are also presented in the supplementary material. This zig-zag 

morphology can be correlated to the zig-zag cracks patterns observed using SEM and OM 

especially at the cross-sectional positions of the regions R1-R4 (cf. inset in Fig. 3). The 

zig-zag cracks are expected to originate from the particular shape of the grain boundaries 

and/or in-plane residual stresses induced by CTEs mismatch between the sublayers. 

6.3.4 Chemical analysis  

SEM and EDX analyses were performed in order to characterize microstructure and 

chemistry of both alloys within the individual layers. The results indicate a homogenous 

distribution of elements in both phases and, additionally, no microscopic precipitation 

resulting in a localized elemental enrichment or depletion, in agreement with the 

CSmicroXRD data (Fig. 4). Moreover, no formation of microscopic dendritic regions was 

observed at the microscale. This is in contrast to the results from similar studies on the 

IN718–304L systems, where the formation of microscopic enrichments in Nb and Mo, 

with a few shared areas containing C, was observed inter- and intra-granularly in IN718 

and IN625 [35,36]. This discrepancy can be interpreted by the different thermal 

treatments applied in Refs. [35,36] and in the present process. 
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Figure 6. EDX concentrations maps show the distribution of elements in the area of region R4. The arrow 

in the SEM micrograph indicates the building direction. 

 

EDX concentration mapping of the region R4 was performed to examine the intermixing 

of the elements between IN625 and 316L sub-regions during the multilayer structure 

fabrication. In Fig. 6, distributions of major elements indicate the presence of ten sub-

regions, each consisting of three layers of IN625 or 316L. Both deposited alloys contain 

Fe, Ni, Cr and Mo elements, whereas Nb is initially present only in IN625. In the Nb 

concentration map in Fig. 6, it is possible to resolve five Nb-rich sub-regions representing 

IN625 and four 316L sub-regions with a smaller amount of Nb. Moreover, there is 

evidence of a higher concentration of Nb in the ~1 mm thick 316L region above region 

R4, compared to the Nb (EDX background) concentration level in the ~1 mm thick 316L 

region, below region R4. These observations indicate that after the deposition of IN625 

layers, the elements of this alloy were distributed along the growth direction upwards as 
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a result of out-diffusion into the melt-pool. Probably, the concentration of the IN625 

alloying elements decreases exponentially with distance from IN625 layers. 

The Ni and Fe concentration maps in Fig. 6 indicate very clearly the presence of five 

IN625 and five 316L layer-groups in region R4. In both types of sub-regions a 

simultaneous occurrence of Fe and Ni was evaluated. This effect can be attributed to an 

intermixing of the two elements between the deposited sub-regions and to the (intrinsic) 

simultaneous occurrence of the elements in both alloys. The following effects are 

remarkable however: The top-most sub-region of three layers of 316L in region R4 (cf. 

Fig. 2b) shows lower and higher concentrations of Fe and Ni, respectively, compared to 

the neighbouring top-most ~1 mm thick 316L region (Fig. 6). Similarly, also the bottom-

most sub-region of three 316L layers in region R4 (following the first IN625 layer, cf. 

Fig. 2b) shows lower and higher concentrations of Fe and Ni, respectively, compared to 

the underlying ~1 mm thick 316L region, which appears to be almost free of Ni (Fig. 6). 

These observations also indicate that growth of the IN625 and 316L sub-regions was 

accompanied be cyclic remelting of the alloys and an intermixing of the elements between 

the layer being deposited and preceding layers. 

Since IN625 contains an amount of Mo that is approximately two times higher than that 

in 316L steel, Mo enrichments in the concentration map in Fig. 6 can be correlated with 

the occurrence of IN625 layers in region R4. The homogenous distribution of Cr across 

the region R4 (Fig. 6) correlates well with ~20 % amount of Cr in both alloys (cf. also 

Sec. C.5). 

An attempt was made to relate the occurrence of the cross-sectional cracks (Fig. 3) with 

the chemical gradients across the multilayered sample [35], but no such correlation was 

observed. In other words, a local fluctuation of the elemental concentrations was not 

found to be responsible for the zig-zag crack growth behaviour, in contrast to the results 

of Carroll et al. [35], where microscopic Nb- and Mo- enrichment was observed within 

the cracked regions in IN625–304L system. 

6.3.5 Mechanical characterization  

Nanoindentation measurements were performed across the R4 region in order to evaluate 

the spatial distribution of hardness and reduced elastic modulus (the latter is presented in 

supplementary material). In Fig. 7, the cross-sectional distribution of hardness in the 

range of ~(3–4) GPa is superimposed on an occurrence of Ni determined using EDX 

analysis (from Fig. 6). The data indicates that the multiple hardness increase can be 

correlated with the occurrence of Ni within the five groups of IN625 layers. In four sub-

regions, each consisting of three 316L layers, as well as on the borders of region R4, the 
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However, EDX analysis of the interface indicated gradual changes in the concentrations 

of Fe and Ni at a length scale of several ~100 nm across the interface (Fig. 8). At the 

IN625 side, grain boundaries were revealed to contain enrichments of Nb, Mo and C as 

result of nano-segregation, which is usually observed after thermal treatments of Inconel 

alloys [39]. At the 316L side, the segregation of Nb, Mo and C at the grain boundaries 

was observed to a much smaller extent and Nb as well as Si enrichments within the 

dispersoids were detected (cf. Fig. 8). 

 

Figure 8. EDX concentration maps show distributions of elements at the interface between 316L and 

IN625 alloys, which is indicated by arrows in the HAADF micrograph. Besides gradual changes in Fe and 

Ni concentrations and in the composition of CrMOx dispersions, Nb-rich precipitates change their shape 

as a function of the Nb-content in the base material. 
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Figure 9. EDX concentration maps show distributions of elements within representative dispersoids in 

IN625 (a) and 316L (b) alloys near the interface shown in Fig. 8. The spherical CrMOx nano-dispersoids 

possess Nb-rich shells and Si concentration appears to depend on the matrix alloy (cf. also Fig. 8). 

 

Also a detailed EDX analysis of the spherical dispersoids with a diameter of ~20-100 nm 

was performed (Fig. 9) at both sides of the interface. As documented by EDX maps in 

Fig. 9, the dispersoids were identified to be chromium-metal-oxide nanoparticles CrMOx 

enriched with Si and exhibiting Nb-rich shells. Generally, the dispersoids were found in 

both alloys across the whole structure at high concentrations and their actual composition 

depends on the chemistry of the particular alloy’s matrix. This indicates that the 
dispersoid’s formation is a characteristic attribute of the particular fusion process and 
resembles the formation of protective oxide scale rich in Cr in stainless steels with a 

relatively large fraction of Cr [50]. In other words, the liquid dispersed metal powder bed 
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fusion induces an oxidation of Cr present in both alloys, resulting in the formation of 

dispersoids with some traces of Si and Nb (Fig. 9). This phenomenon will be denoted as 

reactive additive manufacturing. The ceramic dispersoids represent nanoscopic alloy 

reinforcements, which are expected to be favorable for the mechanical properties of the 

structure. Therefore reactive additive manufacturing as a part of the liquid dispersed metal 

powder bed fusion can be used as an effective tool to homogeneously incorporate 

nanoscopic particles across deposited structures in order to tailor mechanical properties.  

6.4 Discussion  

This study demonstrates the feasibility of fabricating multi-layered IN625–316L 

structures (Figs. 2b,3) with sharp structural and microstructural boundaries between the 

two alloys, deposited using liquid dispersed metal powder bed fusion (Fig. 1), where the 

alloys alternation was achieved at meso- and micro-scales (Figs. 3,6). The 

implementation of regions with periodically varying mechanical properties is expected to 

hinder crack propagation and may results in the synthesis of damage-resistant materials 

[51,52].  Due to the out-diffusion of alloying elements in the growth direction, however, 

an elemental intermixing was observed at length scales of several 100 nm (Fig. 8). The 

results from the multilayered region R4 (Figs. 3-6) document that the approach allows for 

the deposition of spatially alternating alloys with the resolution of ~60 µm in the growth 

direction, which consequently exhibits an oscillating hardness depth profile with a period 

of ~100 µm (Fig. 7).  

The 316L layers possess a <110> fiber texture, which saturates already in the first ~1 mm 

thick 316L region at a distance of ~0.4 mm (Fig. 4e) above the base plate. However, the 

deposition of IN625 alloy induces a gradual disruption of the <110> texture and the 

formation of a much weaker <100> fiber texture like in Ref. [36], which is present 

especially in the top-most IN625 sublayer (Figs. 4d-g). The deposition of IN625 induces 

moreover a refinement of the microstructure, which is visible already in region R1 (Figs. 

5c,d).  

The occurrence of a C-shaped stress gradient with a negligible near-base plate stress, the 

oscillating compressive stresses at a level of ~-150 MPa and the pronounced surface 

tensile stress of ~500 MPa (Fig. 3c) are interpreted by means of the TGM model [39, 

42,47], supposing cyclic material plastification and densification during the additive 

deposition. The C-shaped stress profile is a result of the mechanical equilibrium achieved 

after cooling down from the process temperature of compressively and tensilely stressed 

and mutually restrained surface and underlying bulk structure regions, respectively, 

whose stress signs are expected to almost reverse at room temperature. The deposition of 

IN625 layers results in the relaxation of compressive residual stresses (Fig. 3c), as a result 
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of the supposed lower degree of plastic strain generation in IN625 and zig-zag cracking, 

which penetrates layers of both alloys (cf. inset in Fig. 3 and supplementary data) along 

zig-zag low-angle-grain boundaries. This effect is denoted as “ductility dip cracking” and 
appears as a result of IN625’s ductility decrease during cooling down from the process 
temperature at straight or non-tortuous boundaries [36,53]. 

EDX analysis in SEM (Fig. 6) indicated the absence of microscopic dendrites or 

precipitates with metallic enrichments/depletions zones in both alloys, in agreement with 

the CSmicroXRD data (Fig. 4a). Also no cracks were observed, which could be correlated 

with localized elemental enrichment or depletion. This is different from the results of 

Hinjos et al. [36] and Carroll et al. [35], where microscopic precipitates and features were 

reported in the same and/or similar alloys and which were correlated also with the 

occurrence of microscopic cracks. At the nanoscale, however, the EDX analysis 

performed in TEM indicated the presence of Nb, Mo and C enrichments caused by nano-

segregation at IN625 grain boundaries (Fig. 8). These observations indicate that the liquid 

dispersed metal powder bed fusion process is favorable for the deposition of complex 

alloys because it is possible to suppress the formation of secondary phases at the 

microscale. Probably, due to the shorter diffusion lengths predefined by the particular 

laser design, the segregation of elements was limited and occurred only to a very small 

extent at the grain boundaries of IN625, as shown in Fig. 8.  

IN625 regions and the top layer showed the presence of undesirable zig-zag cracks (Fig. 

3), which may obviously negatively influence mechanical stability of the IN625-SS316L 

build-up. Therefore a further optimization of the process is needed.  The possibilities are 

to include additives into the powder suspension that will help to reduce solidification 

cracking.  Another approach would be to increase the lasers pulse frequency, inspired by 

the results of Patterson et al. [54]. 

A large concentration of spherical dispersoids with a diameter of ~20-100 nm, existing 

across the whole structure, was identified as a remarkable attribute of the liquid dispersed 

metal powder bed fusion process, which therefore includes also reactive additive 

manufacturing of ceramic nanodispersoids. The dispersoids could be found in both alloys 

and were identified mainly as CrMOx precipitates, enriched with Si and Nb, depending 

on the local alloy matrix chemistry. Their complex internal morphology is presented in 

Fig. 9. The dispersoid’s formation is interpreted by the oxidation of Cr and other elements 
and resembles the formation of protective Cr2O3 oxide layers in Cr-rich stainless steels 

[50]. The dispersoids represent another hierarchical level within the alloy’s 
microstructure and actually provide structural reinforcement. Their formation indicates 

another interesting feature of AM technologies, namely the possibility to perform reactive 

additive manufacturing and microstructural design at the nanoscale. In other words, the 

deliberate formation of oxide nanoparticles during the liquid dispersed metal powder bed 
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fusion can be used as an effective tool to tune mechanical properties of AM-prepared 

alloys. 

The multilayered structure (Fig. 3) exhibits a variety of bio-inspired attributes. The hatch 

strategy was selected to deposit microstructure with elongated grains and zig-zag low-

angle grain boundaries (Fig. 5). Zig-zagging interfaces between crystallites and 

microstructural features are very common in natural materials and serve to enhance 

fracture toughness while preserving strength, for instance in Saxidomus purpurata shells 

with zig-zag oriented aragonite platelets. The deposition of the alternating alloys at meso- 

(Fig. 3) and micro-scales (Fig. 6a) with different mechanical properties and oscillating 

stress gradients [51] at the cross-section (Fig. 3) resembles a nacre-like microstructure 

[55] and has been known to improve the mechanical properties of hybrid-materials. Even 

though the mismatch in mechanical properties of IN625 and 316L is not sufficiently high, 

this work shows the possibility to tailor multilayer materials using the liquid dispersed 

metal powder bed fusion approach. Additionally, the incorporation of ceramic nano-

dispersoids (Figs. 8,9) based on Cr oxides can be used as an effective tool to tune the 

mechanical properties of the AM structure by nanoscale design.  

In summary, the liquid dispersed metal powder bed fusion approach offers the possibility 

to produce hierarchical microstructures based on meso- and micro-scale multilayers, 

grain boundaries of zig-zag shape, gradually changing textures, oscillatory stress 

concentrations and nanoscopic reinforcements, which together comprise a variety of 

multi-scale interfaces and can be used to tailor mechanical properties of AM structures.   

6.5 Conclusions 

This study demonstrates the feasibility of synthesizing a multi-metal hybrid structure 

based on IN625 and 316L, featuring unique multilayered microstructures at meso- and 

micro-scales, zig-zag shaped elongated grains and grain boundaries, regularly distributed 

nanoscopic dispersoids, complex texture evolution with gradual transitions, oscillating 

cross-sectional residual stresses and abrupt variation of mechanical properties across the 

multilayer. The zig-zag cracking correlated with the occurrence of IN625 (Fig. 2) as well 

as the pronounced C-shaped residual stress gradient (Fig. 3c), however, indicate the 

importance of process optimization in the fabrication of multi-metal hybrid materials with 

crack-free microstructures. 

Although the synthesis of the multilayered structure (Fig. 3) was inspired by the 

architectural principles observed in biological materials [56] and the structure possesses 

a variety of interesting bionic microstructural features, the hardness values of IN625 and 

316L do not differ significantly. Thus, effects like crack deflection toughening (observed 

in nacre) at the interfaces between IN625 and 316L layers and regions could not be 
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achieved here. The fabrication of hybrid systems consisting of materials with significantly 

different intrinsic mechanical properties like metal-ceramic composites has future 

potential to design multi-material structures with superior mechanical properties like high 

strength and toughness. 

Finally, the presence of unique microstructures at meso-, micro- and nano-scales 

observed within the IN625–316L multilayer (Fig. 2) indicates the necessity of using 

cutting edge analytical techniques operating at multiple length scale in order to reveal the 

very particular process-microstructure-stress-property relationships in AM structures. 
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Abstract 

Mechanical properties of case modified steels depend decisively on the near-surface 

gradients of residual stresses, microstructures, phases and chemical composition, which 

are generated by the empirically well-established case-hardening techniques. Currently, 

however, to obtain the correlation between near-surface structure-property gradients, 

applied hardening process parameters and steels’ overall performance is a very 
challenging task. In this work, high-energy synchrotron cross-sectional X-ray diffraction 

(CSmicroXRD) using a pencil beam cross-section of 20×500 µm² and complementary 

analytical techniques are used to characterize the surface-to-bulk gradient of (i) a plasma 

nitrided steel W300, (ii) a carburized case hardening steel (grade 18CrNiMo7-6) and (iii) 

a shot-peened high strength steel, type 300M. CSmicroXRD analysis reveals complex 

gradients of martensite and austenite phases, residual stresses in both phases, 

crystallographic texture and the evolution of diffraction peak broadening with a spatial 

resolution of ~20 µm. These parameters are correlated with the gradients of hardness, 

morphology-microstructure and with the changes in N and C concentrations and/or 

retained austenite formation/depletion in all three model samples. Finally, the correlative 

micro-analytics approach indicates the complexity of near surface structure-property 

relationships as well as the importance of innovative cross-sectional characterization, 

which allows for assessing gradual near-surface physical and/or chemical changes 

accompanying thermo-chemical and mechanical surface treatments. 

 

Keywords: Cross-section Analysis; Synchrotron Micro-XRD; Near-Surface 

Characterization; Case-Hardening; Low-Pressure-Plasma Nitriding; Shot-Peening 
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7.1 Introduction 

Advanced thermo-chemical surface treatments have been used to increase the mechanical 

performance of steel parts such as cam or ring gear, automotive components, drills and 

valves [1]. They provide these parts with a hard case and a tough core resulting in 

adequate fatigue strength and wear resistance, respectively, preventing brittle failure 

under high impact loads. Resulting functional aspects relevant to the industrial 

applications are in particular weight reductions due to topology optimization and/or an 

extended service life. Especially case-hardening technologies such as nitriding, 

carburizing, boronizing, nitrocarburizing and carbonitriding enhance the tooth root 

bending strength in gear components [2], the resistance against tensile and impact loads 

as well as alternating bending fatigue loading. Additional benefits are minimized 

distortion of the components due to the adaption of the residual stress state, the formation 

of microstructure depth gradients and the enhancement of corrosion and wear resistance 

in iron-based alloys [3,4]. 

Another possibility to enhance the mechanical properties of steels are mechanical surface 

modifications, like shot peening, which can even be applied to priorly thermally or 

thermo-chemically treated steels [5–7]. The surface plastification and work hardening is 

accompanied by the formation of compressive stress gradients, which favourably 

influence the fatigue resistance [8,9]. 

The common nitriding, carburizing and shot-peening treatments result in the formation 

of complex near surface depth gradients of microstructure, chemical composition, 

residual stress and/or crystalline phases, which, together with the alloying concept, 

decisively influence steel parts’ mechanical properties. Currently, however, it is not trivial 

to correlate the applied surface treatment process parameters, the fabricated near-surface 

gradients and the parts’ mechanical behaviour. The impact of the treatments at the micro 
, meso- and macroscale are usually assessed by (micro)hardness depth profiling [2,6,10], 

nanoindentation, optical and scanning electron microscopies (OM, SEM) and electron 

probe microanalysis [11]. In order to characterize microstructure, phase and stress 

gradients, X-ray and neutron diffraction [2,3,12] have been routinely applied (i) by 

analysing successively etched sample surfaces [13] and/or (ii) by using advanced grazing-

incidence diffraction geometries, which require an inverse Laplace transformation of the 

data [14]. However, these techniques operating in reflection diffraction geometries 

provide structural data averaged across the respective X-ray or neutron beam penetration 

depths and their interpretation is therefore not always unambiguous [14–16]. 

A further development of the surface treatment technologies requires a comprehensive 

understanding of physical and chemical near-surface changes that take place during the 
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process with highest possible depth-resolution. The above mentioned surface treatments 

and corresponding recipes have been developed and used for decades. Although chemical 

gradients can nowadays be resolved on a nanoscale, there are several diffusion-induced 

phenomena within the parts’ surfaces that have not been fully understood yet. These 
specifically include the incremental evolution and stabilization of phase gradients and 

their corresponding distributions of residual stresses as well as the microstructure within 

the individual phases, like in martensite and austenite [15,17]. 

This work focusses on the correlative cross-sectional characterization of exemplary (i) a 

low-pressure plasma nitrided hot-working steel, (ii) a low-pressure carburized case-

hardening steel, and (iii) a shot-peened high performance steel grade. Results obtained 

from conventional laboratory experiments (OM, SEM, hardness profiling, electron 

microprobe analysis) and from scanning cross-sectional synchrotron high energy micro-

X-ray diffraction (CSmicroXRD) with a spatial resolution of about ~20 µm are 

correlated. The novelty of the work resides (i) in introducing synchrotron CSmicroXRD 

methodology, based on transmission diffraction geometry, which allows for a 

simultaneous analysis of stress, microstructure and phase depth-gradients in the direct 

space, (ii) in applying robust complementary characterization approaches to assess cross-

sectional structure-property relationships at the micro-scale and (iii) in observing cross-

sectional correlations within the three different model sample systems. In contrast to 

previous studies dealing with relatively thin samples of ~50 µm in the X-ray beam 

direction 

[18–20], the current work focuses on the simultaneous characterization of gradients of 

phases, residual stresses and microstructure in bulk samples with the thickness of ~2 mm. 

Moreover, the three case hardened steel samples were selected without an additional 

intention to perform a further correlation between them. 

7.2 Materials and Methods 

7.2.1 Sample preparation 

Three different martensitic steel samples were characterized in the present study: (i) a 

plasma-nitrided plate, (ii) a carburized cylinder and (iii) a shot-peened disc. The nominal 

compositions of the individual steel grades taken from [21–23] are given in Tab. 1. Each 

of the samples was surface modified as described below. 
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Table 1 Nominal chemical compositions of steel grades used for gas-nitriding, carburizing and shot-

peening according to references [21-23], respectively. The particular alloying contents are given in wt.%. 

Process / Steel Grade C Si Mn Cr Mo Ni V other 

Nitriding / X38CrMoV5-1 

–  W300 
0.39 0.97 0.43 5.0 1.14 0.21 0.35  

Carburizing / 

18CrNiMo7-6 
0.17 0.25 0.50 1.65 0.3 1.55  Pb 

Shot-Peening / 

41SiNICrMoV7-6 – 300M 
0.42 1.65 0.8 0.8 0.3 1.8 0.8  

 

 

The nitrided sample was produced from a 30×30×10 mm³ specimen of high alloy hot 

work steel type X38CrMoV5-1 (EN 1.2343 ESU – voestalpine Böhler Edelstahl GmbH, 

Kapfenberg, Austria) with a chromium content of 5%. The surface was modified by a 

long time low pressure plasma nitriding process. The sample was therefore kept in a 

process atmosphere of N2, H2 and Ar gas mixture for 28 h at a temperature of 510 ±10°C. 

The base material was initially gas-quenched after austenitization at ~1010°C and 

tempered at 550, 530 and 520°C during the first tempering, the second tempering to 

working hardness and the third tempering for stress relief, respectively. The temperature 

was held for ~90 minutes during each tempering step before the material was cooled to 

ambient conditions. 

The carburized specimen, a cylinder with a diameter of 40 mm and a height of 25mm of 

a low alloy case hardening steel type 18CrNiMo7-6 (EN 1.6857 – Deutsche 

Edelstahlwerke DEW, Witten, Germany), was case-hardened in an industrial vacuum 

furnace with dimensions of 0.6×0.75×1 m³ by ALD Vacuum Technologies (Hanau, 

Germany). To enable the carbon enrichment in the near-surface region, the sample was 

low-pressure carburized for ~60 minutes in a hydrocarbon atmosphere (p=10 mbar) at a 

temperature of ~960°C. A martensitic microstructure was formed by high-pressure gas 

quenching using nitrogen with a pressure of ~10 bar. Finally, the sample was tempered at 

~170°C for ~90 minutes. 

The shot-peened specimen is a precipitation hardened, high strength heat treatable steel 

disc (similar to type 41SiNiCrMoV7-6 – EN 1.6928 – voestalpine Böhler Edelstahl 

GmbH, Kapfenberg, Austria) with a dimension of 50×7 mm² (diameter × height). Before 

the peening process, the sample was hardened at 870°C, quenched and double-tempered 

at 390 and 180°C for 60 and 180 minutes, respectively. The surface hardness of the steel 

disc before peening was determined to be 563 HV10. The specimen was shot-peened with 

an Almen-intensity of 0.2 ±0.05 mmA [24] in the next step. Spherical steel powder with 
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an initial diameter of ~0.35 mm was used as blasting material. To end up in a smooth 

surface topology, the sample was furthermore fine-peened with an Almen-intensity of 0.1 

±0.05 mmA. The degree of coverage was 200 % in both peening-process steps. 

7.2.2 Experimental methods 

For the CSmicroXRD analysis, steel platelets of ~(15×5×2) mm³ were extracted from the 

three samples by precision cutting with an Accutom-5 (Struers, Germany) cutting 

machine, equipped with a diamond cutting wheel. A detailed analysis of near-surface 

residual stress relaxation caused by the sample cutting is discussed in Sec. 2.4 and in [18]. 

CSmicroXRD analysis was performed at the high energy materials science beamline 

P07B at the storage ring PETRAIII of DESY (German synchrotron) in Hamburg [25] in 

transmission diffraction geometry. The energy of the monochromatic beam was set to 

87.1 keV which corresponds to a wavelength of 14.24 pm. Fig. 1 gives a schematic 

representation of the experimental set-up with the beam penetrating a sample in 

transmission diffraction geometry. An experimental protocol of the used set-up is 

presented in the supplementary data, Fig. S1. The near-surface regions of the three steel 

samples were scanned approximately at their centres by using a collimated pencil beam 

with a height and width of ~500 and ~20 µm, respectively, oriented parallel to the 

sample’s surfaces (cf. Fig. 1), using a scanning increment of ~10 µm. A two-dimensional 

(2D) amorphous silicon digital X ray detector (model XRD1621 by PerkinElmer) with 

2048×2048 pixels and a pixel pitch of 200 µm was used to collect the diffracted signal. 

LaB6 standard was used to determine the sample-to-detector distance of ~1329 mm.  

Each sample was aligned using a photo-sensitive diode and exact positions of the surfaces 

were determined in the same way. 
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graphite calibrant before the polished metallurgical cross-section of the carburized sample 

was scanned by an electron beam of 15 kV acceleration voltage and 10 nA beam current 

with steps of 10 µm. The FWHM for each spot and the corresponding background were 

measured for 20 and 10 s, respectively. 

Micro hardness measurement scans using a Vickers indenter were performed across the 

polished cross-sections using a Mitutoyo/Buehler Micromet 5104 testing device equipped 

with a digital camera and the commercial Buehler Omnimet analysing software. Test 

loads of 100 and 500 gf, corresponding to HV0.1 and HV0.5, were used to indent the 

metallographic sections of the three samples at depths between 0 and 100 µm and at 

greater depths, respectively. Hardness values were calculated by averaging the result of 

three indents at redundant depth positions. The experiments were performed following 

the guidelines of DIN EN ISO 6507 1:2006. Consequently, the minimum distance 

between two indents as well as minimum distances to boarders were taken into account. 

To determine the depth that was influenced by the nitriding and carburizing process, 

experimental HV data was fitted using an exponential decay function for the data down 

to a depth position of 600 µm. The core hardness value of the basic material was 

determined by averaging HV-values measured from 600 to 5000 µm. 

7.2.3 CSmicroXRD data evaluation procedure 

2D diffraction data (Fig. 1) were processed using the Python software package pyFAI 

[26]. The diffraction vector Qθψ orientation-dependent lattice spacings dθį(z) were 

evaluated from Debye-Scherrer (D-S) rings recorded at particular Bragg’s angles θ, the 

azimuthal angle į and the samples’ depths z (Fig. 1). To elucidate dθį(z)-values, 36 D-S 

rings sections, each encompassing ~10° azimuthal range, were integrated and then 

evaluated using the Bragg’s law. In general, D-S rings contain information on the 

crystallographic texture, the apparent size of coherently diffracting domains convoluted 

with the strains of second and third order (micro-strains), X-ray elastic strain of the first 

order (macro-strain) and volume fractions of phases within the irradiated gauge volume. 

Exact positions of the reflections’ maxima as well as peaks’ widths were fitted using a 
Pseudo-Voigt function. The novelty of this work resides mainly in the simultaneous 

examination of all above mentioned parameters using high-energy CSmicroXRD in bulk 

samples with a thickness of several mm, compared to the microscopic samples analysed 

in our previous studies [18–20]. 

X-ray elastic residual strain gradients at the particular sample depths z (Fig. 1) were 

determined from the D-S rings’ ellipticity as follows  

𝜃𝛿ℎ௞௟ሺ𝑧ሻߝ  = 𝑑𝜃𝛿ℎ௞௟ሺ𝑧ሻ − 𝑑଴𝑑଴  (1) 
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with 𝑑𝜃𝛿ℎ௞௟ሺ𝑧ሻ being the distorted lattice parameter due to elastic residual strains in the 

material and 𝑑଴ denoting the unstressed lattice parameter. It was assumed, that the three 

surface treatments had a negligible impact on the Poisson’s ratio of the impacted 

materials. Therefore, depth-dependent unstressed lattice parameters 𝑑଴(z) were calculated 

from the measured 𝜃଴ℎ௞௟ሺz) positions of the diffraction peaks, which were retrieved (for 

each particular sample) from D-S rings always at the same rings’ azimuthal position ߜ଴, 

representing the stress-free direction (cf. Fig. 1) [18,27]. 

Since the initial geometry of the samples was rotationally symmetric, it was approximated 

that in plane İ11(z)=İ22(z)=İ(z) and out of plane İ33(z) strain components are dominant 

and the shear strain components İij(z) can be neglected for simplicity [18,28]. İ22(z) and 

İ33(z) components represent the strain along y and z axes, further denoted as “in-plane” 
and “out-of-plane” components, respectively. İ11(z) denotes the strain component in x 

direction (Fig. 1). 

According to [29], intensities I(δ, z) recorded at particular D-S azimuthal positions δ  

(Fig. 1) can be transformed to Iሺψ, zሻ dependencies as follows 

 cos 𝜓 =  cos cos ߜ 𝜃 (2) 

The linearity of experimentally determined 𝑑𝜃𝛿ℎ௞௟ as a function of sin2ψ values along the 

investigated depth was used to prove the validity of the applied evaluation method, 

especially the absence of shear strain and stress components [18]. Additionally, an 

equibiaxial stress state with 𝜎ଵଵሺ𝑧ሻ = 𝜎ଶଶሺ𝑧ሻ, 𝜎ଵଶሺ𝑧ሻ ≅ Ͳ and 𝜎𝑖ଷሺ𝑧ሻ = Ͳ ሺ𝑖 = ͳ, ʹ, ͵ሻ at 

the samples’ free surfaces can be assumed, whereas at greater depths the out-of-plane 

residual stress component 𝜎ଷଷሺ𝑧ሻ cannot always be considered to be negligible 

[28,30,31]. Consequently, the distortion of the D-S rings as a function of the sample’s 
depth can be generally expressed as follows 

 
𝜕𝑑ሺߜ, 𝑧ሻ𝜕 sinଶ ߜ = [𝜎ଶଶሺ𝑧ሻ − 𝜎ଷଷሺ𝑧ሻ] ͳʹ 𝑆ଶℎ௞௟𝑑଴ሺ𝑧ሻ (3) 

where 
ଵଶ 𝑆ଶℎ௞௟ represents an X-ray elastic constant and d0 the unstrained lattice parameter 

[18,32]. In the case of martensite (α'-Fe) and retained austenite (γ-Fe), X-ray elastic 

constants 
ଵଶ 𝑆ଶଶଵଵ =6.304×10-6 and 

ଵଶ 𝑆ଶଷଵଵ =6.535×10-6 MPa-1, respectively, were 

estimated using the Kroener grain interaction model [28,33]. In other words, knowing the 

X-ray elastic constants of a material, one can determine the actual experimental (Exp) 

(residual) stress 𝜎ଶଶሺ𝑧ሻ − 𝜎ଷଷሺ𝑧ሻ within the gauge volume from the slope of the linear 

regression in the 𝑑𝜃𝛿ℎ௞௟-sin2ψ diagram, Eq. (3), as derived in [28]. Additionally, unstressed 

lattice parameters 𝑑଴ሺ𝑧ሻ can be simultaneously determined from the same system of 

linear equations in Eq. (3), considering the stress free direction defined by the azimuthal 
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angle ߜ଴ [27,28]. In contrast to the experiments performed in laboratory conditions, 𝑑଴ 

and stresses can thus be elucidated directly from the D-S rings for every particular gauge 

volume without a previous knowledge of 𝑑଴ሺ𝑧ሻ, as generally accepted. A detailed 

derivation of the stress evaluation procedure from two-dimensional synchrotron XRD 

data is presented elsewhere [18,20,27]. 

The actual angular resolution of the used set-up is predetermined by the pixel size of 200 

µm of the 2D detector, which corresponds to a 2 angular range of ~0.0104 degrees at 2 

= 5 degrees and at the sample-detector distance of 1329 mm. Exact positions of the 

diffraction angles in the three experiments were determined by a fitting algorithm in 

pyFAI. Peak widths (full-width-at-half-maximum (FWHM) values) were extracted from 

these fits. Deviations for strain (and stress) were calculated based on a Gaussian error 

propagation. 

The volume fraction of -Fe within the α'-Fe matrix was determined by following an 

approach based on the ASTM practice E975-13 [34]. Accordingly, α'-Fe 200/002 and 

112/211 doublets and the 200 and 220 reflections from -Fe were azimuthally integrated 

from 0 < į < 360°. The presence of a crystallographic texture of the samples was assessed 

by evaluating the azimuthal distributions of the diffraction intensities Iሺδ,zሻ of the 

particular D-S-rings, as presented in the supplementary data (Figs. S3, S9, S12). 

7.2.4 FEM-modelling 

A finite elements model (FEM) was developed to reconstruct the original stress gradients 

within the three samples before cutting. As input parameters, the stress profiles 𝜎ଶଶሺ𝑧ሻ −𝜎ଷଷሺ𝑧ሻ  in Eq. (3) determined experimentally by CSmicroXRD, samples’ elastic constants 

and geometry were used. For this reason, a linear elastic material model using the pairs 

of Young’s moduli and Poisson’s ratios of 215 GPa and 0.3, 190 GPa and 0.29 and 

205 GPa and 0.28 was applied to the nitrided, carburized and shot-peened steels, 

respectively. Depending on the shape and dimensions of the three investigated samples, 

between 270000 and 660000 hexahedron elements with linear shape functions and 

reduced integration were used. In the samples’ regions with stress gradients, structured 

meshes with element sizes of about 10 µm were built. Towards the outer region of the 

specimens the mesh size increased gradually up to an element size of about 3 mm. The 

model’s symmetry was used to reduce the number of elements. The independence of the 
results on mesh size and element’s aspect ratio was verified in a mesh convergence study. 

In order to reconstruct the residual stress gradients across the uncut specimens a reverse 

engineering process was implemented. An initial stress state was therefore applied on the 

whole specimen, the cut was simulated by an element deletion of all elements except for 

the remaining sample geometry. The relaxed stresses of the simulated samples were 
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analysed at the centre of the samples with respect to its x-dimension (Fig. 1). A mean 

stress throughout the sample’s thickness was then calculated for each depth position and 
sample [18]. Finally, the modelled stress profiles 𝜎ଶଶሺ𝑧ሻ − 𝜎ଷଷሺ𝑧ሻ denoted further as 

“FEM” stresses were optimized to fit the measured stress profiles from Eq. (3), further 

denoted as “Exp” stresses. The modelled residual stress gradients  are presented together 

with the experimental results in Figs. 3-5 for comparison. Sample images with calculated 

stress distributions 𝜎ଶଶሺ𝑧ሻ − 𝜎ଷଷሺ𝑧ሻ and stress relaxation tendencies are presented in the 

supplementary data (Figs. S7, S11, S13). The above residual stress reconstruction 

procedure was applied only to the stress profiles obtained from α'-Fe phase. For the -Fe 

phase, the approach was not applied because of the large standard deviations obtained for 

the experimental residual stress data. 
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7.3 Results 

Cross-sectional data are presented on the basis of three case studies, each one for (i) the 

plasma nitriding, (ii) the carburizing and (iii) the shot-peening sample treatment. 

7.3.1 Case Study I: Low-Pressure Plasma Nitrided Hot Work Steel Sample 

OM and SEM analyses were used to characterize cross-sectional microstructure of the 

plasma-nitrided X38CrMoV5-1 steel (type W300). The near-surface diffusion zone and 

the martensitic core material are presented in the cross-sectional SEM micrograph of 

Fig. 2a. The presence of a thin, discontinuous compound layer with an average thickness 

of less than 100 nm can be identified at the surface in Fig. 2c. The diffusion zone 

encompasses ~80 µm. The steel microstructure and the morphology of the precipitates 

change gradually across this region. Fig. 2b indicates the homogenous distribution of 

equiaxed dispersoids with a size of several tens of nanometres at the martensite interlath 

positions within the diffusion zone. Further SEM micrographs with different 

magnifications are presented in the supplementary data (Figs. S4, S5, S6). The analysis 

revealed that additional larger precipitates are present, out of which some are globular 

and others are elongated in shape. 

The formation of the nanoscopic precipitates in Fig. 2b can be interpreted by 

transformation kinetics as discussed in [35–37]. Lerchbacher et al. [35] reported on the 

formation of retained γ-Fe films in quenched W300 hot work steel at martensite interlath 

boundaries. Mesquita et al. [36]  investigated carbide precipitation as a function of various 

silicon contents in similarly alloyed hot work tool steels. Investigated alloy compositions, 

comparable to the steel grade of the present work, exhibited a formation of chromium-

rich M7C3 coarser carbides, containing proportions of iron, molybdenum and vanadium 

that were also concentrated along martensite laths and packages boundaries. Michaud 

et al. [37] studied carbide formation in differently alloyed 5% Cr martensitic steels and 

observed the interlath precipitation of vanadium MC-carbides, chromium M7C3-and 

M23C6 carbides as well as iron M3C carbides during tempering. Considering the findings 

from [35–37], it is assumed that the precipitates within the diffusion zone in Fig. 2b are 

mainly nitrides and carbonitrides formed at martensite interlath positions and former 

boundaries of austenite grains. Furthermore, carbo-nitro precipitates, visible in Fig. 2c 

(and in the supplementary data Fig. S3 – S5) as equiaxed and elongated dark spots, are 

secondary carbides precipitated from the tetragonally distorted as-quenched α'-Fe during 

the tempering treatments as well as carbides which had not been fully dissolved during 

austenitization. 
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can be interpreted as the presence of micro-strain as well as by the crystallite size 

refinement induced by the increased N-concentration, as disclosed in Fig. 3d. The depth-

dependent differences in the positions of the α'-Fe 112/211 doublet for in-plane and out-

of-plane diffraction vector orientations (Figs. 3e,f) are, however, correlated to both, the 

crystal lattice expansion as well as by the presence of a residual stress gradient (Fig. 3c). 

The γ-Fe reflections can be observed up to a depth of ~90 µm and a quantitative depth 

distribution of γ-Fe, estimated according to [34], is presented in Fig. 3d. The volume 

fraction of γ-Fe increases from 0 to ~9.58 % within ~25 µm, starting ~65 µm below the 

surface and reaches a maximum of ~10.0% a depth of ~110 µm.  

In Fig. 3c, a FWHM evolution of the α'-Fe 202/220 reflection as a function of the 

diffraction vector orientation ψ from the range of ~(2.8 - 90)° (cf. Fig. 1) and the sample 

depth z is presented. The ψ angles of 2.8 and 90 degrees represent approximately in-plane 

and out-of-plane orientations of the diffraction vector Qθψ, respectively (Fig. 1). 

Additional information on the evolutions of α'-Fe FWHM as a function of sample’s depth 
positions for the 101/110, the 002/200 and the 112/211 reflections are presented in the 

supplementary data (Fig. S2). In agreement with the data from Fig. 3e,f, the near-surface 

α'-Fe 202/220 reflection broadening in Fig. 3c can be correlated with the domain size and 

micro-strain increase [38], which can be further correlated with the presence of the N-

diffusion zone visible in Fig. 3d. 

Superimposed on the FWHM map in Fig. 3c, experimental and modelled residual stress 

gradient data differing up to 20% are presented. In α'-Fe, two compressive (FEM) stress 

maxima of ~-765 and ~-841 MPa at depths of ~10 and ~80 µm can be identified, 

respectively. A steep stress relaxation can further be observed at a depth of ~230 µm. The 

high near-surface stresses are obviously mechanically balanced by low tensile stresses, 

which are present at larger sample depths. Fig. 3c also shows the stress distribution within 

the γ-Fe phase, which correlates well with the level of the α'-Fe. Since the corresponding 

measurement errors of the evaluated stresses for the γ-Fe phase are inversely proportional 

to its volume fractions, they can be effectively compared with those from α -Fe only at 

the depth of 80-150 µm, where the γ-Fe concentration is relatively high. The origins of 

the compressive stress maxima in both phases are discussed below. 

Residual stress profiles in α'-Fe and γ-Fe can be correlated to the depth distributions of N 

and C in the near-surface region (Fig. 3d) as well as with the microstructural refinement 

manifested by the FWHM increase (Figs. 3c, e, f), the phase evolution and here, 

particularly, the local occurrence of γ-Fe (Fig. 3b). Within the first ~4 µm below the 

surface, N- and C- contents are complementary reduced and elevated, respectively. 

Below, they remain relatively stable and further decrease to zero and slightly increase, 

respectively, at the depth of 83 µm, the edge of the diffusion zone. 
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The chemical composition profile of carbon can be used to interpret the formation of two 

compressive residual stress peaks in Fig. 3c. During plasma-nitriding, N diffuses into the 

near-surface area and causes a redistribution of the C throughout and also underneath the 

diffusion zone. Furthermore, C is firstly being partially exchanged by nitrogen in 

precipitates, especially in Cr, M7C3-type carbides and secondly being redistributed 

throughout the diffusion zone. The formation of a compound layer at the surface is 

documented to act as a diffusion barrier for C [39]. As a result of the C-diffusion, the 

EPMA-profile (Fig. 3d) exhibits a C-peak at a depth of ~5 µm and a C-enriched zone at 

the edge of the diffusion zone. Comparable results during plasma nitriding of steel are 

presented and discussed in [39,40]. The localized increase in the concentrations of N and 

C is assumed to expand the α'-Fe lattice, which results in a formation of stress at a depth 

of ~83 µm. 

Additionally, the increased C content at the front of the N-diffusion zone, which is the 

interface between the diffusion zone and the unnitrided core material (Fig. 3d), is assumed 

not only to contribute to a localized stabilisation of the γ-Fe phase but also to a localized 

reversion of α'-Fe to γ-Fe during the long-term plasma nitriding. To the best authors 

knowledge, this effect has not been reported before on a W300 steel grade. Typically, 

austenite reverse transformation can be observed in quench and partitioning (Q&P) steels 

[41]. Raabe et al. [42] documented on a phase transformation of α'-Fe to γ-Fe at grain 

boundaries in a Fe-9 at.% Mn and a Fe-12 at.% Mn maraging steel during aging at 450°C. 

In that case, the localized reversion of α'-Fe to γ-Fe was correlated with the segregation 

of Mn at α'-Fe interlath boundaries. Jegou et al. [43]  determined a coarsening of pre-

existing carbides in a ferrite matrix at the nitriding front in differently nitrided Fe-3.5Cr-

0.35C (wt.%) model-steel but no reversion of α'-Fe to γ-Fe in their samples. No 

coarsening of pre-existing carbides could be documented in this sample (supplementary 

data, Fig. S6). Thus, we assume that not the locally elevated C content itself but the 

combination of a locally elevated C content, the α'-Fe matrix and the simultaneous 

presence of Si in the W300 causes the localized reversion of α'-Fe to γ-Fe. 

The exact origin, the formation kinetics and the character of the reverted γ-Fe build up 

(Fig. 3b) in the nitrided W300 steel however needs to be further investigated. 
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3b,c,e,f and (iii) with the presence of compressive stresses in Fig. 3c. Additionally, two 

compressive residual stress maxima in Fig. 3c can be correlated with the increased 

concentration of N and C interstitial atoms (cf. Fig. 3d) and also with the local occurrence 

of reverted γ-Fe at the depth of ~80 µm (Fig. 3a). At greater depths, residual stress 

distribution can be correlated also with the hardness profile in Fig. 3a: compressive stress 

relaxes at ~230 µm, which is the same position where the value of the core hardness was 

measured. 

There were several attempts to assess cross-sectional structure-property relationships in 

plasma-nitrided W300 steel samples. Leskovsek et al. [10] studied the correlation of 

residual stress (assessed by the hole drilling method) and micro-hardness gradients within 

eight differently plasma nitrided W300 samples. Similar to the results of the present work, 

they reported on the correlation between residual stress and micro-hardness gradients and 

suggested a routine to estimate residual stresses from a hardness-related parameter. It is 

notable, that they could not observe the formation of a compound layer at plasma-

nitriding temperatures of 480° but just 60°C above, at a temperature of 540°C, which is 

in contradiction with the compound layer build-up at 510°C in the present work. 

Remarkably, residual stress profiles obtained by hole drilling [10] are comparable to the 

results of the present work in terms of their shape and maximal compressive stresses of 

~-700 to -850 MPa. However, two stress maxima (Fig. 3c) as well as a coexistence of α'-
Fe and γ-Fe were not reported. Similar, Kurz et al. [3] reported on depth gradients of 

residual stresses, unstressed lattice parameters, microstructure and the N-diffusion during 

gas nitriding of Fe-M(= Al, V) specimens. High-energy synchrotron X-ray diffraction 

was employed to assess the spatially resolved stress state which was correlated to different 

precipitation mechanisms. Due to the small beam size of 20×5 µm² (horizontal × vertical) 

that was used in their setup, the nitrided samples were moved parallel to the cross-

sectional surface along the y-direction to obtain more representative diffraction data at 

specific sample depths. 
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7.3.2 Case Study II: Low-Pressure Carburized Case-Hardening Steel 

Sample 

The CSmicroXRD approach was additionally tested on a carburized case-hardened steel 

sample (Fig. 1). A SEM micrograph in Fig. 4a obtained from the cross-section of the 

carburized 18CrNiMo7-6 steel indicates a gradual morphological change across the 

martensite matrix and a decreasing volume fraction of the (brighter) γ-Fe phase as a 

function of the sample depth (also visible in the high-resolution SEM images presented 

in the supplementary data Fig. S8 ). For this sample, the cross-sectional changes in the 

microstructure (Fig. 4a) and phase (Fig. 4b) evolutions can be correlated as well with the 

distribution of C diffused into the near-surface region, as presented in Fig. 4d and in 

supplementary data Fig. S10b. Superimposed on the SEM micrograph, Fig. 4a also shows 

the hardness depth-profile across the diffusion zone and the core material. Vickers 

hardness measurements revealed a case hardness of 711±5 HV0.5, which is almost 

constant down to the depth of ~275 µm. Further below, the hardness decreases gradually 

to a core hardness of ~431 ±13 HV0.5 observed at a depth of ~800 µm. According to EN 

ISO 2639, the case hardening depth (CHD) of carburized samples is defined as the depth, 

at which the hardness reaches the limit of 550 HV1. In this case, the CHD of the sample 

was determined for ~660 µm below the surface. The corresponding hardness profile is 

presented in the supplementary data (Fig. S10a). 

The cross-sectional phase analysis indicates gradual changes in the volume fractions of 

the α'-Fe matrix and the γ-Fe fraction (Fig. 4b), which were observed priorly by SEM 

(Fig. 4a). In the near surface area at a depth smaller than ~600 µm, broadened α'-Fe hkl 

and retained γ-Fe hkl reflections are pronounced due to the high C-content (Fig. 4d). At 

depths greater than ~250 µm, the decreasing volume fraction of γ-Fe is reflected by a 

decreasing intensity of the γ-Fe reflections while the intensity of the martensite peaks 

increases and their FWHM decreases, because of the supposed ceasing tetragonal 

distortion of martensite. 

The FWHM evolution of the α'-Fe112/211 reflection as a function of the diffraction 

vector orientation ψ and the sample depth position is presented in Fig. 3c. A notable 

increase in martensite’s FWHM down to a depth of ~580 µm (cf. Figs. 4e,f) correlates (i) 

with the observed CHDHV0.5 (using a test load 500 gf – cf. Fig. 4a) and (ii) with the 

maximum of the compressive residual stress of ~-682 MPa from the FEM model. In the 

carburized sample, the difference between experimental and modelled stresses is large 

(cf. Fig. 4c). This effect is caused by the comparable dimensions of the carburized sample 

depth of ~1 mm, the stress-affected region of more than 2 mm and the sample thickness 

in the x direction of 2 mm. This effect was extensively discussed in [18]. The distribution 
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of the residual stresses and the reversal of compressive to tensile stresses at ~80 µm depth 

can again be correlated to the C-content and to the increasing volume fraction of γ-Fe. A 

second reversal in sign of the residual stresses occurs at a depth of ~1030 µm. As a 

consequence of mechanical equilibrium, tensile stresses are induced at depths above and 

below these positions, respectively. Residual stresses in γ-Fe are low compared to α'-Fe 

(Fig. 4c) but display a significantly higher variance. Their nature down to a depth of ~300 

µm is tensile. A similar observation for γ-Fe was also reported by Ericsson et al.[17]. In 

α'-Fe phase, the stress profile originates from quenching and from martensite phase 

transformation hardening, the latter one depending strongly on the C-content. It should 

be noted that the martensite start temperature (Ms) as well as the yield stress are being 

attained at different locations of the sample at different times during quenching [15,17].  

The specific stress gradient formed during quenching in Fig. 4c can be interpreted by 

considering segments of the hardening process and their corresponding sample depth 

dependent transformation kinetics, described in detail in [15,17]. 

The gradual change of the martensite start (and finish) temperature as a function of the 

C-content furthermore affects the quantity of retained γ-Fe. Fig. 4d presents a quantitative 

depth distribution of the retained γ-Fe. Within the first 100 µm below the surface, a high 

γ-Fe volume fraction of ~31.7 % could be evaluated, which decreases gradually to the 

magnitude of 2.8 % within the core material at 800 µm and below.  

Figs. 4e and 4f show the α'-Fe 112/211 reflection evolution for Qθψ in-plane and out-of-

plane orientation, respectively, down to the sample depth of 1000 µm. The intensities 

occurring at both Qθψ orientations were normalized frame per frame to the individual 

maximal intensity of the reflection. The shift and the broadening of the reflections at 

depths of ~(0-800) µm can be correlated to the compressive residual stress increase and 

to the unstressed lattice parameter increase, due to interstitially soluted C. The maximum 

peak shift can be observed at ~580 µm depth, which is the depth of the highest 

compressive stress magnitude (Fig. 4c) and the CHDHV0.5 that was determined with a test 

load of 500 gf (Fig. 4a). 
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7.3.3 Case Study III: Shot-Peened Martensitic Steel Sample 

The CSmicroXRD approach was additionally applied to a shot-peened martensitic steel. 

The microstructure, the hardness profile and the distributions of the phases and residual 

stresses of the shot-peened hardened and double-tempered 300M steel sample are 

presented in Fig. 5. 

The darker appearance of the microstructure down to the depth of ~20 µm in the 

Nital-etched cross-section (Fig. 5a) is caused by the absence of retained γ-Fe in this area. 

In the same region, the shot peening treatment attained a strain induced phase 

transformation from γ-Fe to α'-Fe. The effect of a strain-induced transformation of 

retained γ-Fe into α'-Fe during shot-peening was documented also by Ebenau et al [8]. 

Their study reports that a shot-peening treatment of austempered nodular cast iron 

samples with high volume fractions of up to ~19 and ~39% γ-Fe resulted in a significant 

reduction of the γ-Fe content and a formation of α'-Fe at depths down to ~300 µm. 

In Fig. 5, the microstructure changes gradually to the tempered α'-Fe base material with 

increasing depth. In the uninfluenced core, a γ-Fe volume fraction of ~5% could be 

evaluated (Fig. 5d), whereby Vicker’s hardness values decrease simultaneously from 
~694.5 ±5 HV0.5 at ~50 µm to ~663± 10 HV0.5 at ~170 µm (Fig. 5a), which is the depth 

that corresponds to the uninfluenced base material. 

CSmicroXRD indicates the presence of a dominant martensite matrix with a small volume 

fraction of γ-Fe in the unpeened base material (Fig. 5b). A quantitative γ-Fe analysis (Fig. 

5d), revealed a steep γ-Fe decrease at depths smaller than ~50 µm whereas an amount of 

~5 % could be determined in the unpeened material. 

The decrease in the martensite’s FWHM values in the deformed region for the α'-Fe 

112/211 reflection is presented in Fig. 5c and can be interpreted as follows: (i) due to the 

massive plastic deformation induced by the shot-peening process, grain orientations of 

the initially untextured material were rearranged in order to form a <110>-fibre-texture 

within the influenced regions (cf. Fig 5d and Fig. S12 in the supplementary data) and (ii) 

the energy impact due to the shot-peening process was high enough to increase the size 

of the coherently scattering domains and to decrease micro-strains at depths smaller than 

~20 µm due to an annealing effect (cf. [6,7]).  

The applied shot-peening treatment induced high compressive (FEM) stresses of 

~-1371 MPa at the depth of 20 µm (Fig. 5c) in α'-Fe. As a result, a pronounced peak shift 

of the α'-Fe 211/112 doublet to higher and lower angles for in-plane and out-of-plane Qθψ 

orientations, respectively, can be observed in Figs. 5e and 5f. The reversal in sign of the 

compressive residual stresses occurs at a depth of ~105 µm. At greater depths, negligible 

tensile stresses could be evaluated. Due to the weak intensities of γ-Fe phase D-S rings, 
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the residual stress values in γ-Fe exhibit high standard-deviations, although the stress 

levels approach that of martensite (Fig. 5c). 

The cumulative results in Fig. 5 obtained from various cross-sectional characterization 

techniques show remarkable correlations. At a depth of ~20 µm, down to which the 

modified microstructure due to deformation-induced phase transformation can be 

observed by OM (Fig. 5a), <110> fibre-texture formation (Fig. 5d and supplementary 

data, Fig. S12), an abrupt change in the FWHM evolution (Fig. 5c) and the compressive 

residual stress peak (Fig. 5c) were observed. 

Scholtes and Vöhringer [7] discussed the influence of shot-peening and the peening 

parameters on the near-surface regions they describe a strain-induced transformation of 

retained γ-Fe and the evolution of a <110> fibre texture. Results obtained by 

CSmicroXRD in the present work coincide with these findings from hardened steels and 

document that the shot-peening process results not only in a surface plastification and 

stress formation but also in remarkable changes in the near-surface microstructure and 

the phase composition. 
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7.4 Discussion 

This study demonstrates the advantages of applying synchrotron CSmicroXRD technique 

in conjunction with conventional laboratory techniques (like OM, SEM, EDX and micro-

hardness profiling) to characterize gradients of residual stresses, microstructures, 

crystallites morphology, composition and hardness in surface treated steels. The main aim 

of the work is to show the possibilities of CSmicroXRD analysis on three different sample 

types, without any additional intention to carry out a further correlation between the 

samples and the results. The three samples were selected to test the CSmicroXRD 

approach. Consequently, hereafter methodological aspects of the results are discussed 

followed by only a few materials science related points.  

In general, CSmicroXRD can be considered as an upscaling of X-ray nanodiffraction 

conducted using sub-50 nm X-ray beams usually on micro-lamellae of 50 µm in 

thickness (in the X-ray beam direction) and of crystallite size of several tens of 

nanometers [19]. Due to the larger grain size of the steel samples (even in the micrometer 

range) and the larger depth of interest (in the millimeter range), it is reasonable to apply 

scanning high-energy X-ray microdiffraction (CSmicroXRD) to obtain both sufficient 

diffraction statistics and satisfactory depth resolution within relatively thick samples of 

several millimeters. Additionally, in comparison with the results presented in previous X-

ray microdiffraction studies e.g. in [3], the present work indicates the possibility to 

evaluate not only residual stress gradients but also gradients of crystallographic texture, 

FWHM and crystalline phases from the 2D XRD data. In this way, complex correlations 

between the microstructure and stresses on one side and the applied process conditions as 

well as the functional properties, like gradients of hardness, on the other side can be 

deduced. It can be expected that the relatively simple CSmicroXRD set-up (Fig. 1) will 

be used in future to routinely investigate surface-treated bulk samples by high energy X-

ray diffraction. 

The comparison of the modelled and experimental stress dependencies in Figs. 3-5 

indicates reasonable differences up to ~15 % in nitrided and shot-peened samples (Fig. 

3c, and 5c), due to the relatively small affected depths of the samples by both processes. 

In the case of carburized sample, the (experimental) stresses relaxed nearly 50% in the 

cut sample (Fig. 4c). As already mentioned, this is caused by the comparable dimensions 

of the carburised sample depth of ~1 mm and the sample thickness in the x direction of 2 

mm. This effect was studied and discussed in [18]. 

It is obvious, that absolute magnitudes of the residual stresses (in Figs. 3c, 4c and 5c) 

obtained from the three investigated specimens cannot be directly compared due to the 

different alloying concepts and surface treatments of the steel grades. It follows, that the 
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use of particular X-ray elastic constant ½ S2=(1+ν)/E provide not absolute but just 

approximate residual stress values. An experimental study of Marion and Cohen [44] 

indicated, that individual X-ray elastic constants should be individually, experimentally 

determined in principle not only for different steel compositions but also for different 

grain sizes, microstructures, deformations and heat treatments. Consequently in the 

present case, X-ray elastic constants should be determined for every sample depth and the 

corresponding material composition and microstructure. This has not been done in this 

work, thus, resulting imprecisions were taken in account during the error determination. 

Therefore, the residual stress data in Figs. 3c, 4c and 5c are presented together with 

experimentally determined X-ray elastic strains. 

The experimental results from the three different surface-treated steel samples (Figs. 3-5) 

allows to draw conclusions on the near-surface gradients and their correlations. However, 

since the steel grades used for the individual experiments differ one from another, it is 

not trivial or it could even be impossible to draw significant correlations between the 

experimental data from Figs. 3-5. In the low-pressure plasma-nitrided hot-work tool steel 

W300 (Fig. 3), a local occurrence of γ-Fe at depths greater than ~80 µm was detected by 

CSmicroXRD. On the one hand, the heat treatment introduced in [21] indicates a full 

transformation from retained γ-Fe to α´-Fe during or after the three tempering cycles. 

Hence, the presence of γ-Fe prior to the nitriding process can be excluded in the present 

case. On the other hand, the Fe-C-N phase diagram indicates that the formation of γ-Fe 

below 590°C should not be possible, as well as during the nitriding process at 510°C in 

the present case. Jegou et al. [43] investigated the role of C-diffusion and its impact on 

the development of residual stresses in differently nitrided ferritic model alloy Fe-3Cr-

0.35C (wt.%) samples. A growth of the carbide particles ahead of the nitriding front but 

no α´-Fe-to γ-Fe reversion from was documented in their work. In contrast to the model 

alloy used in [43], W300 contains a significant higher content of ~1.1 wt.% Si. [21]. 

Therefore, the origin of γ-Fe in Fig. 3 is assumed to be correlated with the segregation of 

γ-Fe stabilizing elements, probably C, at α´-Fe interlath boundaries in combination with 

an increased Si-content during the 28 hours low-pressure plasma nitriding at 510°C. Due 

to a higher defect density in the (initial) martensitic microstructure of the W300, the 

diffusivity of interstitial elements is expected to be higher here compared to a ferrite. 

Additionally, it is worth mentioning that standard laboratory XRD investigations could 

easily miss the presence of this reverted γ-Fe phase as they are performed at the surface 

of the sample in reflexion geometry.  

Based on the previous aspect, it should be noted, that the origins of γ-Fe formation in the 

plasma-nitrided W300 steel grade (section 3.1, Fig. 3) and in the low-pressure carburized 

case hardening steel 18CrNiMo7-6 (section 3.2, Fig. 4) are assumed not to be the same. 

The gradual formation of retained γ-Fe in the carburized case-hardened steel can be 



Correlative Cross-Sectional Characterization of nitrided, carburized and shot peened Steels: 

Synchrotron Micro-X-Ray Diffraction Analysis of Stress, Microstructure and Phase Gradients 

104 

attributed to the elemental C-profile in Fig. 4d and can be understood by the resulting 

time- and chemistry-dependent reception of the α´-Fe temperature Ms. In contrast, in the 

nitrided sample both, mainly interstitial C and substitutional Mn, are assumed to 

contribute to the localized occurrence and stabilization of reverted γ-Fe. 

In the carburized sample, however, a discrepancy in the macro-stress formation was 

observed for α´-Fe and γ-Fe phases (Fig. 4c). This effect can be explained as follows: In 

contrast to the nitrided and the shot-peened samples – which do not exhibit a comparable 

discrepancy (cf. Fig. 3c and 5c) – the carburized sample was tempered at 170°C for ~90 

minutes (section 2.1). During this additional tempering cycle α´-Fe and γ-Fe phases were 

heated up and expanded. Taking in account a surface carbon content of ~0.67 at.% (Figs. 

4d and S10b), linear thermal expansion coefficients for γ-Fe and α´-Fe can be estimated 

according to [45], as ~24.6×10-6 and 13.6×10-6 K-1, respectively. This means that the γ-

Fe would expand almost twice as much as the α´-Fe matrix but as the expansion is 

supressed by the (harder) matrix, γ-Fe is compressively stressed. Once the yield strength 

of (the softer) γ-Fe is exceeded, the γ-Fe phase deforms plastically. Consequently, tensile 

stresses occur in the γ-Fe phase after the final cooling of the material. 
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7.5 Summary and Conclusions 

This methodological study introduces correlative cross-sectional micro-analytics based 

primarily on the application of scanning high-energy synchrotron CSmicroXRD analysis 

of phases, residual stresses and microstructure, performed in combination with other 

conventional characterization technologies (like optical and electron microscopy, HV-

analysis and electron probe microanalysis). The approach was used to reveal complex 

structure-property gradients in near-surface regions of three model surface-treated steels. 

In the technology of surface-treated steel products, the correlative approach and the 

possibilities of CSmicroXRD will represent an important tool to understand the complex 

correlations between the applied surface treatment process parameters, the fabricated 

near-surface gradients and the parts’ overall mechanical properties. 

This correlative approach was applied to three representative model sample systems. The 

particular materials science findings of the CSmicroXRD, OM, SEM, 

micro-HV-profiling and electron probe microanalyses are shortly summarized hereafter.  

The near-surface diffusion of N into the plasma-nitrided W300 surface gives rise to a 

gradual distribution of nitrides and morphological changes in martensite matrix within 

the ~80 µm thick diffusion zone (Fig. 3). A residual stress profile with two local 

compressive maxima of ~765 and ~841 MPa was elucidated and correlates well with the 

N and C distributions as well as with the resulting width of the diffusion zone, the local 

occurrence of γ-Fe and the microstructural changes (Fig. 3). The second residual stress 

maximum can be correlated with the γ-Fe occurrence at the front of the N-diffusion zone. 

The case hardening depth in a low-pressure carburized 18CrNiMo7-6 steel sample could 

be correlated with the occurrence of a compressive residual stress peak of ~682 MPa (Fig. 

4). Again, the diffusion profile of C, obtained by wavelength dispersive X-ray 

spectroscopy, is related to the gradual change of the retained γ-Fe volume fraction in the 

near-surface region.  

A massive plastic deformation induced by the shot-peening in the near-surface region 

down to ~25 µm caused a formation of a <110>-fibre texture within an initially 

untextured quenched and tempered 300M steel (Fig. 5). Shot-peening furthermore led to 

a localized significant decrease in γ-Fe caused by a plastic-strain induced transformation 

into martensite as well as to the formation of high compressive residual stresses with a 

stress maximum of ~1371 MPa ~25 µm below the surface. 

Finally, the work shows that CSmicroXRD in combination with standard laboratory 

characterization techniques represent a powerful tool to determine complex structure-

property correlations within the near-surface regions of mechanically and 

thermo-chemically treated steels. Cross-sectional investigation of the near-surface 
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regions is essential for the understanding of the complex chemical and physical processes 

occurring in the steels during the surface treatments and can subsequently be used to 

optimize the particular process recipes. 
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Abstract 

The correlations between process conditions, microstructure and mechanical properties 

of additively manufactured components are not fully understood yet. In this contribution, 

three different hatch strategies are used to fabricate rod-like samples from S316L stainless 

steel, which are further investigated using synchrotron diffraction, optical microscopy 

and tensile tests. The results indicate the presence of 110ۧۦ biaxial and fiber textures, 

whose sharpness depends on the applied hatch strategy. Mechanical tests reveal a strong 

correlation of the samples’ response to the observed anisotropy in the plane perpendicular 

to the build direction. Even though the average yield and ultimate tensile strengths of 

around 475 and 500 MPa, respectively, do not differ significantly, the stress-strain 

behavior can be correlated to the observed in-plane anisotropy. Particularly, twinning 

induced plasticity, a distinct increase of the work hardening rate at larger strains and 

elliptical necking are observed in some samples with biaxial (Goss) texture. These 

findings indicate that texture design by means of applying dedicated hatch strategies can 

be used to effectively tune the multiaxial deformation behavior of components produced 

by laser powder bed fusion. 

 

Keywords: additive manufacturing, powder bed fusion, hatch strategies, textures, TWIP, 

stainless steel, anisotropy 
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9.1 Introduction 

S316L stainless steel with face-centered cubic crystal structure has been widely applied 

in aerospace, nuclear, medical and petroleum industries mainly due to its excellent 

corrosion resistance, high strength, good biocompatibility and weldability as well as 

excellent strength-ductility trade-off [1,2]. Various conventional production routes like 

casting, sintering and forging have been used to produce structural components, coronary 

stents, pipelines, marine applications etc. [1,3]. 

Due to its excellent processability, S316L austenitic steel has become also a popular 

material used in additive manufacturing technology, which provides a unique opportunity 

for designing complex structural components at minimal material consumption [4]. For 

this purpose, especially the laser powder bed fusion (PBF-LB) has been applied [5,6]. 

There have been numerous studies analyzing the correlations between applied PBF-LB 

process conditions, internal microstructure, residual stresses, corrosion behavior, fatigue 

properties and local as well as overall mechanical properties. Furthermore, different 

mathematical models have been established to predict the process conditions and simulate 

the influence of different laser spot sizes and laser power [7], scanning speed [8], defocus 

distances [9] and other. The simulations were validated also by experiments. The efforts 

have been motivated mainly by the fact that PBF-LB manufactured S316L parts exhibit 

better structural and functional properties like strength, toughness and corrosion 

resistance, than their conventionally produced counterparts [10]. It was observed that the 

local microstructure depends strongly on the energy delivered by the laser system, where 

high (typically 1000 W) or low (400 W) energies result in the formation of large 

elongated vs. small equiaxed grains, respectively [11]. Similarly, the application of 

various laser scanning modes, called hatch strategies, was found to influence the 

evolution of preferred 100ۧۦ and/or 110ۧۦ fibre textures and, consequently, also 

anisotropic mechanical properties. Kumar et al. [1] applied four different hatch styles, 

whose complexity scaled with increasing compressive strength, grain morphology and 

texture. Kurzynowski et al. [12] reported that the hatch strategy and laser power strongly 

affect the grain substructure of the austenite, the amount of ferrite and the crystallographic 

texture. Stress relieving experiments at 500°C induced changes in the microstructure, 

which resulted in decreased strength [12]. Similarly, Greco et al. [13] demonstrated that 

the input energy density alone is not enough as an indicator for the resulting work piece 

characteristics, but rather the ratio of scanning speed, layer thickness and hatch spacing 

to the laser power. Consequently, it was shown that smaller hatch spacings translated to 

a more homogeneous microstructure, and to some extent to a denser material [10,13]. 

Moreover, it was found that the hatch strategy has also a significant effect on the internal 
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porosity and surface quality [5,14–16], which correlate with the mechanical properties, 

especially the fatigue behaviour [6]. Larimian et al. [15] analysed the influence of three 

hatch strategies on the densification, microstructure and tensile properties of S316L and 

reported that the best mechanical properties (yield strength, ultimate tensile strength, and 

elongation as well as microhardness) were obtained for a hatch strategy with rectangular 

alternating hatches and a single pass of the laser beam. 

To further enhance mechanical properties and materials’ performance of S316L of the 
material, different metal-matrix composites were fabricated by PBF-LB and 

characterized. AlMangour et al. [17] investigated the influence of four different hatch 

strategies to tailor textures in LB-PB fused TiC/S316L composites. Interestingly, the 

analysis of texture coefficients in their study revealed a reduced, almost random crystal 

orientation when they applied a hatch strategy which is similar to the plane type used in 

the present study. In another study, AlMangour et al. [18] focussed on enhanced 

compressive mechanical properties of TiC reinforced S316L. They varied the size of the 

ceramic particles and revealed a significantly lower anisotropy in nano-TiC composites, 

where nanoscaled TiC led further to a grain refinement. In similar studies, Zhou et al. 

[16] showed that the tensile properties of the Ti–22Al–25Nb intermetallic compound 

depends decisively on the hatch distance selected from the range of 0.08 - 20 mm. 

Robinson et al. [19] performed an extensive analysis of the influence of hatch strategies 

on density, surface roughness, tensile strength and residual stress for pure titanium and 

indicated a strong dependence of the elongation-to-failure on the hatching angles between 

subsequent layers. 

In general, the previous reports on the correlations between process conditions, internal 

microstructure and mechanical properties of S316L steel and other metallic systems 

indicate that the hatch strategy plays a crucial role in the compressive and tensile response 

of additively manufactured work pieces. Currently, the effect of the hatch style has still 

not been fully understood yet, especially due to (i) the large variability of possible hatch 

strategies (including the hatch distance h, laser movement vector and mutual lateral and 

vertical orientation of the neighbouring hatches), and (ii) a relatively large range of 

applicable laser energies (P), speeds (s) and the range of layer thicknesses t, which 

decisively influence the anisotropic mechanical response of the components nevertheless 

still leading to fully dense synthesized parts. Therefore, the volumetric energy density 

VED =P/(h · s · t) alone is not the sole parameter determining the mechanical behaviour 

of additively manufactured work pieces. 

In this contribution, three hatch strategies were applied to fabricate S316L cylindrical 

samples while the VED was kept constant. Subsequently, synchrotron X-ray diffraction, 

tensile tests and scanning electron microscopy were used to obtain a correlation between 

the samples’ texture and mechanical properties, respectively. The results indicate 
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complex process-microstructure-property correlations with both isotropic and anisotropic 

properties in the build plane of the samples. 

 

9.2 Experiments and methods 

9.2.1 Sample Preparation by PBF-LB 

Two different geometries of steel rods with dimensions of about ∅ ͷ × ͶͲ mm² and ∅ 9 × ͹Ͳ mm², were synthesized using an EOS M290 (Krailling, Germany) PBF-LB 

device. Commercial 316L powder obtained from m4p material solutions GmbH (Feistritz, 

Austria), suitable for processing via PBF-LB (i.e. with a particle size distribution of about 

15 to 45 µm) was used for the experiments. The samples were built using EOS standard 

parameters for laser power, scan speed, hatch distance and layer thickness under argon 

atmosphere. Three different hatch styles were applied, as indicated in Figure 1. The 

resulting hatch strategies will be further denoted as plane, stripe and chess. In total, three ∅ ͷ mm cylinders (one for each hatch style) and nine ∅ 9 mm cylinders (three for each 

hatch style) were fabricated. 

Plane Style 

The powder was laser-melted across the whole cross-section using a bi-directional 

scanning strategy (Figure 1a). The angle between a subjacent layer n and the following 

layer n+1 was chosen to be 90 degrees.  

Stripe Style 

The powder was laser-melted in a stripe-like pattern with a stripe width of about 5 mm 

and a length exceeding the respective cross-section of the sample (Figure 1d). The angle 

between a subjacent layer n and the following layer n+1 was chosen to be 67 degrees and 

a bi-directional scanning strategy [20] was applied. 

Chess Style 

The powder was laser-melted in small islands, each 3 × 3 mm² in size. Within these 

squares, a bi-directional scanning strategy was applied (Figure 1g). The angle between a 

subjacent layer n and the following layer n+1 was set to 67 degrees. 
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of 100. The porosity function of StreamMotion (Olympus) was used to evaluate the 

images. 

 

9.2.3 Scanning Electron Microscopy 

Unetched cross-sections and representative fracture surfaces of the tensile samples were 

investigated by scanning electron microscopy (SEM) for each sample type. 

The microstructures and fracture surfaces of the specimens were examined using a Zeiss 

LEO 1525 SEM equipped with an in-lens, a secondary electron and a back-scattered 

electron (BSE) detector. Images of the cross-sections were recorded with the BSE 

detector. The acceleration voltage and the aperture width were set to 20 kV and 60 µm, 

respectively. 

Images of the fracture surfaces were acquired using the in-lens detector. The acceleration 

voltage and the aperture width were set to 5 kV and 30 µm, respectively. 

Electron backscatter diffraction (EBSD) investigations were performed using a Tescan 

Magna SEM (Tescan, Brno, Czech Republic), equipped with an eFlash FS detector 

(Bruker, Germany). The acceleration voltage of the electron gun and the probe current 

were set to 30 kV and 10 nA. The Bruker Esprit 2.3 software was used for post-processing 

of the EBSD data. 

9.2.4 Synchrotron Experiments 

Synchrotron experiments were performed at the high energy materials science (HEMS) 

beamline P07 [21] of the PETRA III storage ring at Deutsches Elektronensynchrotron 

(DESY, Hamburg). Figure 2 illustrates a simplified schematic experimental set-up. The 

highly brilliant synchrotron X-ray beam with an energy of 87.1 keV, corresponding to a 

wavelength of 14.25 pm, was collimated to 0.7×0.7 mm². The as-built steel rods were 

scanned in transmission diffraction geometry with the X-ray beam oriented perpendicular 

to their cylinder axis. During the experiments, the ∅ ͷ mm sample cylinders were rotated 

using an increment Δ of 2 degrees in the angular range of 0 to 180 degrees (Figure 2). 

At each sample position, a two-dimensional (2D) diffraction pattern was recorded by a 

Perkin Elmer XRD 1621 detector (Perkin Elmer, Waltham, USA) with a pixel pitch of 

200 µm. The distance between the sample and the detector of 1.3757 m was calibrated 

with a LaB6 powder standard. 
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9.2.5 Tensile Tests 

Tensile samples with a circular cross-section and a gauge volume according to DIN EN 

ISO 6892-1 (∅ ͷ × ʹͷ mm³) were fabricated from the Ø 9 mm cylinders to further assess 

the mechanical properties, namely the yield strength Rp0.2 and the ultimate tensile strength 

Rm. Classic quasi-static tensile tests were performed at room temperature using a Z100 

AllroundLine testing device (ZwickRoell, Ulm, Germany). The device was equipped with 

an optical extensometer which allowed for contactless and precise measurement of the 

elongation. Constant strain rates of 0.0025 and 0.006 s-1 were applied in the elastic and 

plastic regions, respectively, for each type of hatch strategy. Further relevant test 

conditions were directly preset in the ZwickRoell standard test program textXpert. A self-

created Python script was used to evaluate the data and derive the mechanical properties 

of the samples. 

True stress and true strain values, σt  and İt, respectively, were evaluated according to 

Ref. [30]. 

The fractured samples surfaces were further scanned using an Accura (Carl Zeiss, 

Oberkochen, Germany) coordinate measuring device, equipped with a LineScan 2-50 

optical scanner and operated via the software package Calypso (Zeiss). The sensitivity 

was set to maximum, which allowed to determine the surface via a point cloud with an 

accuracy of 20 µm.  
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9.3 Results and Discussion 

Optical micrographs of the cross sections of the three sample types, oriented parallel (y-z 

plane) and perpendicular (x-y plane) to the build direction (BD), are presented in Figure 

1. Optical micrographs with a higher magnification are provided in Figure S1 of the 

supplementary data. No significant microscopic defects like pores or cracks are visible. 

The porosities of the plane, stripe and chess samples were evaluated to be 0.02, 0.03 and 

0.02 %, respectively, and no correlation with the scan strategy could be determined. 

Similarly, we did not observe any differences in the oxides. The micrographs showing 

cross-sectional planes (y-z) exhibit regular melt-pool boundaries for the plane sample and 

a more random cross-sectional morphology for the other two types of samples. Similarly, 

the complementary micrographs from the x-y plane indicate quite aligned grain 

microstructures of the top layer with individual melt-pool boundaries. The remarkable 

difference between the plane samples and the other two types of samples can be explained 

by the use of the non-orthogonal hatching modes in the case of stripe and chess samples 

(cf. Figure 1). 

Differences in microstructural morphologies are further visible in the SEM images of 

Figure 3 for the as-built and deformed states of the plane, stripe and chess sample types. 

Images taken by the backscatter electron (BSE) detector, sensitive to Z and orientation 

contrast of the investigated area, indicate clear differences especially in the deformed 

microstructures (Figures 3b, d and f). Pronounced twinning induced by plastic 

deformation was observed in the stripe sample. We further used EBSD to investigate the 

deformed region of the plane and stripe samples. Inverse pole figure maps are presented 

in the supplementary data, Figure S3 and Figure S5, and underline the effect of 

deformation twinning in the stripe sample. This phenomenon was also reported by Pham 

et al. [31] for LB-PB fused 316L. The authors assumed that twinning occurred due to the 

fact that their samples were synthesized in a nitrogen atmosphere. Our present study, 

however, indicates that deformation twinning in 316L must have a different reason as, in 

contrast, the plane and chess samples exhibit a fine-grained microstructure and in case of 

the plane sample, a typical sub-grain cell structure could even be determined in the 

deformed region. 
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Figure 4. Integrated X-ray diffraction data obtained from the 2D diffraction patterns, indicating the 

presence of a face-centred cubic phase in the plane, stripe and chess style samples. The differences in the 

austenite peak intensities are caused by the sample’s textures. 

Figure 4 shows X-ray diffraction patterns obtained from the synchrotron 2D diffraction 

data. All three types of samples consist exclusively of iron austenite with a face-centered 

cubic crystal structure. The differences in the peak intensities can be mainly attributed to 

the expected crystallographic texture induced by the three different hatch strategies. As a 

measure of peak widths, the average FWHM of the 311 peak was evaluated for all sample 

types. 

The analysis revealed the following results: 𝐹𝑊𝐻𝑀planeଷଵଵ  = 0.0385 ±0.011 deg, 𝐹𝑊𝐻𝑀ୱ୲୰୧peଷଵଵ  = 0.0370 ±0.008°deg, 𝐹𝑊𝐻𝑀c୦eୱୱଷଵଵ  = 0.0380 ±0.07°deg. FWHM values can 

be used to estimate the size of coherently diffracting domains according to the Scherrer’s 
equation [32]. Moreover, the peak width is influenced also by residual micro-stresses.  

In general, residual stresses of first, second and third order influence the position and 

shape of diffraction peaks. First order residual stresses result in an elliptical deformation 

of Debye-Scherrer rings, recorded by the 2D detector. Therefore, the 360° azimuthal 

integration results in principle in a broadening of the peaks presented in Figure 4. 

Residual stresses of second- and third-order (micro-stresses) and the change of the 

domain size of coherently diffracting domains also contribute to peak broadening. As a 

result of superposition of all these effects, micro-stresses cannot be reliably assessed from 

the presented data. 

Residual stress analysis indicates the presence of first-order stresses of about 

184 ± 79 MPa for the plane sample whereas stresses in the stripe and chess samples are 

comparable with 271 ± 36 and 280 ± 29 MPa, respectively.  
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curves, illustrated in Figure 8 must be taken into account. At first, the samples are 

deformed elliptically in the x-y plane and subsequently elongated further and deformed 

plastically along the BD. During this stage, twinning is induced in the austenite grains 

(supplementary data, Figure S5) and is expected to be the dominant deformation 

mechanism. This phenomenon is known as transformation induced plasticity (TWIP-

effect) [34–36], and leads to the possibility of extended plastic deformation in S316L 

[31]. Additionally, due to the {110}/[001] texture in the stripe sample, {110} and {100} 

lattice planes are oriented parallel and perpendicular to the loading direction which 

corresponds also to the BD. Due to the anisotropic stiffness and plastic deformation of 

the particular crystallographic planes, this leads to an inherent macroscopic elasto-plastic 

anisotropy in the respective sample directions. In other words, the uniaxially loaded stripe 

samples are about 30% stiffer in their out-of-plane direction (which is the BD in the 

present case) compared to their in-plane (x-y) direction. As a result, the initially circular 

cross-section deforms to an ellipse. Although this hypothesis could explain the 

anisotropic behavior, other reasons need to play an important role as well as otherwise, a 

similar ellipticity would be expected for the plane samples (as they possess an even more 

pronounce in-plane texture).  

Mechanical twinning was reported to occur in fcc-alloys (especially in high Mn-steels) 

with a low stacking fault energy ߛSF of roughly 18 ≤ ߛSF ≤ 45 mJ m-2 [37]. Woo et al. [38] 

reported an average ߛSF of additively manufactured S316L of 32.8 mJ m-2 which could 

explain the observed twinning behavior of the stripe sample. A texture-dependent strain 

hardening in S316L and twinning was also reported by Kumar et al. [1] in compressively 

loaded specimen. Those samples were produced by other hatch strategies than in the 

present work. The authors reported heterogenous deformation mechanisms such as slip 

lines, twins, bands for all hatch strategies whereas an enhanced twin density was reported 

for samples, possessing a combination of  100ۧۦ and 110ۧۦ textured with respect to the 

build and load directions. Furthermore, Sun et al. [39] documented enhanced mechanical 

properties in 011ۧۦ textured 316L samples due to deformation twinning during tensile 

loading. The authors showed that the melt pool geometry has a significant influence on 

texture’s formation. Melt pool’s width, depths and height were adjusted by the application 
of different laser powers. In comparable flat melt pools, adjusted by the use of a lower 

energy input, grains grow straight from bottom to top, inducing a 001ۧۦ preferred 

orientation of the crystals. In the deeper melt pools, adjusted by the use of a high energy 

input, equiaxed grains grow in the center of the melt pool, prevent columnar grains from 

further growth and lead to aۦ  011ۧ preferred orientation of the crystals. In the present case, 

however, an influence of the melt pool geometry on texture formation can be excluded as 

the process parameters and conditions were identical except from the hatch strategies. 

Metelkova et al. [40] studied the influence of different process parameters on melt pool’s 
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Table 1. Tensile properties of the plane, stripe and chess sample types. Rp0.2 and Rm represent the yield 

strength and the ultimate tensile strength, respectively. In addition, the table includes the material properties 

determined by the equipment manufacturer EOS GmbH published in Ref. [41]. 

 EOS data sheet[41] plane stripe chess 

number of samples - 2 3 3 

Rp0.2 [MPa] 470±90 477±12 478±12 475±12 

Rm [MPa] 540±55 569±1 560±5 571±1 

 

Figure 8. Representative work hardening curves of the three different hatch styles plane, stripe and chess, 

respectively. After the strong decay of the work hardening rates, the stripe samples (b) exhibit a higher 

ductility and a delayed work hardening in contrast to the plane (a) and chess samples (c).  

Further deformation in a second step results in an increase of the dislocation density in 

the material leading to work hardening. Three-dimensional geometries of representative 

fracture surfaces from the three sample types are presented in Figure 7d-f. In case of the 

stripe sample, less pronounced necking was observed. Instead, the fractured surfaces are 

inclined by about 45 degrees with respect to the loading axis. This observation indicates 

that failure in the stripe samples occurs as a result of shear stress. SEM images of the 

fracture surfaces of three representative samples are provided in Figure S7 of the 

supplementary data. The averaged tensile properties of the samples are summarized in 

Table 1. In general, all three sample types’ mechanical properties resemble those 
published by EOS GmbH [41] and are consistent with further benchmark values, as 

summarized by Sarafan et al. [42]. 
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Shear failure in textured (high Mn-) TWIP steels was reported by Li et al. [37]. A Goss 

texture in those specimens was induced by a rolling process and resulted in a comparable 

stress-strain curve as well as shear fracture, similar to the present case. 

Figure 8 shows a plot of the work hardening rate as a function of the true plastic strain İt 

for the three sample types. Assumptions on present deformations mechanisms are made 

on the basis of the findings of El-Danaf et al. [43] on uniaxially compressed low ߛSF fcc-

alloys. All curves show a decreasing work hardening rate with increasing strain up to 

about Ͳ.Ͳʹ and the highest hardening rates are observed for the plane samples. The 

subsequent progression of the work hardening rate is significantly different for the 

specific sample types and is thus best described type-by-type. The plane samples 

(Figure 8a) exhibit a further (slight) decrease of the work hardening rate before the work 

hardening rises again. In case of two of the stripe samples (Figure 8b), the work hardening 

increases after the first decay and primary twinning is expected as reason for this. The 

rise is very pronounced for stripe_1, exhibiting one maximum only. Stripe_2 and stripe_3 

exhibit additionally a second maximum in the strain region up to İt = 0.1 before the work 

hardening rate rises again in all stripe samples. Samples chess_1 and chess_2 show a 

more and a less pronounced maximum, respectively, as well, before the work hardening 

rate reaches a local minimum at about İt = 0.11 before the work hardening decreases in 

chess_1 and rises in chess_2 and chess_3 until rupture. 

Besides mechanical twinning, martensite formation was reported as another deformation 

mechanism for alloys with a ߛSF ≤ 20 mJ m-2 [37]. Kumar et al. [44] reported 

transformation-induced plasticity (TRIP) in S304L steel. However, Li et al. [45] 

documented a retarded TRIP effect and the presence of į ferrite in additively 

manufactured S316L. These contradictory results let us in the present case to investigate 

the presence of martensite using EBSD. Maps were recorded in the as-built and deformed 

regions (outside the neck region). EBSD analysis was not able to determine the presence 

of any other phase except the fcc crystal structure.  

Additionally, we could not detect a pronounced ferromagnetic behavior in any of the 

fractured tensile specimens. Nevertheless, the formation of martensite during the tensile 

deformation cannot be totally excluded at this point but needs to be further investigated. 

Previous results published by other authors [1,12,46] revealed complex correlations 

between different hatch strategies and the observed mechanical properties. The present 

careful analysis of the stress-strain behavior indicates that the hatch strategy (i) has a 

significant influence not only on the crystallographic texture of the samples, i.e., 

especially on the anisotropy in the x-y plane perpendicular to the BD, but and furthermore 

(ii) results also in pronounced anisotropic deformation within the x-y (build) plane in the 

case of the stripe samples. However, as powder, gas atmosphere (thus the chemistry in 

the final samples) and energy input during sample production were identical, the change 
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of the deformation mechanism resulting in transformation induced plasticity in case of 

the stripe samples still cannot be solely explained by different textures. In particular, it is 

not clear, why plane samples, exhibiting the most pronounced (Goss) texture among the 

investigated sample types do not behave in a similar way as stripe samples. Thus, further 

studies need to address individual influences given by (i) the dislocation densities as well 

as residual second and third order stresses in the respective as-built states, (ii) differences 

in (sub)grain sizes and morphologies and (iii) the possible deformation induced 

martensite formation in the samples. 

9.4 Conclusions 

The aim of this work was to elucidate the role of three hatch strategies on the formation 

of crystallographic texture and mechanical response of S316L samples manufactured 

using PBF-LB. The experimental findings can be summarized as follows: 

• Application of plane, stripe and chess hatch strategies induces the formation of a 

Goss-texture, a biaxial texture and a fiber-like texture, respectively. 

• All observed textures exhibit a 110ۧۦ orientation of the crystallites, which is 

preferably oriented parallel to the build direction. 

• The tensile behavior of the samples shows a correlation of deformation 

mechanisms to the texture formed during building. The presence of a biaxial-

texture in the stripe style samples correlates with an elliptical deformation of the 

cross-section of the mechanically tested samples.  

• The average yield and ultimate tensile strengths of the different samples of about 

475 and 500 MPa, respectively, do not differ significantly between the differently 

hatched samples. However, twinning induced plasticity in the (low Mn-

containing) 316L is observed in case of the biaxial-textured stripe samples. 

These results document that the stress-strain response and deformation behavior during 

tensile loading of PBF-LB manufactured S316L samples can be tailored by using 

dedicated hatch strategies. 
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Abstract 

Additively manufactured multi-metal hybrid structures can be designed as functionally 

graded materials providing an optimized response at specific positions for particular 

applications. In this study, liquid dispersed metal powder bed fusion is used to synthesize 

a multi-metal structure based on Inconel 625 (IN625) and stainless steel 316L (S316L) 

stainless steel regions, built on a S316L base plate. Both alloys alternate several times 

along the build direction as well as within the individual sublayers. The multi-metal 

sample was investigated by optical microscopy, scanning electron microscopy, 

microhardness measurements, nanoindentation and energy-dispersive X-ray 

spectroscopy. Cross-sectional synchrotron X-ray micro-diffraction 2D mapping was 

carried out at the high-energy material science beamline of the storage ring PETRAIII in 

Hamburg. Sharp morphological S316L-to-IN625 interfaces along the sample's build 

direction are observed on the micro- and nanoscale. A gradual phase transition 

encompassing about 1 mm is revealed in the transverse direction. Mechanical properties 

change gradually following abrupt or smooth phase transitions between the alloys where 

a higher strength is determined for the superalloy. The two-dimensional distribution of 

phases can be assessed indirectly as S316L and IN625 in this multi-metal sample possess 

a <110> and a <100> fiber crystallographic texture, respectively. Tensile residual stresses 

of ∼900 and ∼800 MPa in build direction and perpendicular to it, respectively, are 

evaluated from measured residual X-ray elastic strains. Generally, the study indicates 

possibilities and limitations of liquid dispersed metal powder bed fusion for additive 

manufacturing of functionally graded materials with unique synergetic properties and 

contributes to the understanding of optimization of structurally and functionally advanced 

composites. 

 

Keywords: 3D multi-material structure; multi-metal material; liquid dispersed metal 

powder bed fusion; cross-sectional gradient materials; X-ray synchrotron 

characterization; hybrid structures; 
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9.1 Introduction 

Additive manufacturing (AM) of metals is known as a novel production technology that 

is able to synthesize products of complex geometries for prototyping, mechanical 

engineering, medicine, automotive and aerospace applications [1]. Contrary to the 

original assumption that AM could replace a large part of traditional manufacturing 

processes, the latest developments show that AM will not displace subtractive processes 

in the future, but rather joins them as a complementary manufacturing technology. The 

unique advantage of AM technology resides in the ability to customize the shape and size 

of every individual component. Additionally, relatively recent developments in AM 

enable to fabricate components with spatially varying functional properties by combining 

different metals into one functionally graded material (FGM) and/or multi-material 

hybrid composites [2-5]. FGMs exhibit advantageous functionalities and physical 

properties, as special requirements like oxidation resistance, thermal strength or 

toughness can be tailored by optimizing the local use of different materials. In the 

following, this article refers exclusively to metallic FGMs produced by AM. Their 

synthetization still poses a particular challenge. This is (i) due to the sometimes very 

different physical properties of the metals such as the thermal expansion coefficient or 

the tendency to corrosion, (ii) due to the tendency to form intermetallic phases (depending 

on the metal combination selected) and (ii) due to the requirements placed on the 

synthesis process. 

The possibility to combine different metal alloys into one workpiece was reported for 

directed energy deposition (DED) based processes where a layer-wise change or 

alternation of materials can be realized e.g. by wire arc additive manufacturing (WAAM) 

and laser metal deposition (LMD) [3,6]. The effort needed for a change of material is 

manageable using these synthetization methods as only the feedstock (wire or powder) 

has to be exchanged and fed via a coaxial feeding system to the source of energy [7]. An 

inherent flexibility is one key point for the production of FGMs. Major drawbacks of 

DED-based processes are however the limited spatial resolution and surface quality, in 

particular for small geometries, due to comparably thick layers. 

Thus, powder bed fusion (PBF) based processes are regularly used for the production of 

parts with complex geometries and with higher demands on surface quality and geometric 

accuracy [4]. If a laser is used as energy source, the correct terminology according to 

ASTM 52900:2021–11 is laser based powder bed fusion (PBF-LB). Concerning the 

manufacturing of FGMs, the main drawback of commonly and industrially applied PBF-

based processes is the limited flexibility when it comes to a change of the powder 

feedstock. A spatial variation of materials in state-of-the-art PBF-LB systems means in 
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practice either (i) the application of a printed metal being different from the base plate 

material [8], (ii) that the whole machine has to be cleaned, before the second (chemically 

different) powder can be spread over the build area [9] or, (iii) that, if available, a second 

supplier (cylinder or hopper [10-14]) provides another feedstock and both materials are 

varied and/or mixed in the build volume. Thus, differentiated process parameters or 

variations in part's densities (e.g. cellular structures) are rather used than different 

materials to synthesize FGMs by PBF-LB. Xiong et al. [15] studied mechanical 

properties of PB-fused TiAl6V4 with density changes due to pores and honeycomb 

structures which could be considered to be used in orthopedic applications. Ghorbanpour 

et al. [16] used a commercial available PBF-LB device and influenced the microstructure 

of the γ'´- precipitating Inconel 718 Ni-base alloy by varying the laser powder in different 

regions along the build direction (BD) and perpendicular to it. 

A PBF-LB related process, capable to produce FGMs is liquid dispersed metal powder 

bed fusion (LDM-PBF-LB). In a previous work [17], the strength and limitations of this 

relatively novel approach that uses a metal slurry feedstock was indicated. A multi-metal 

hybrid structure was synthesized, which consisted of five different regions, incorporating 

both sharp and gradual interfaces between the non-precipitation hardening Ni-base 

Inconel625 (IN625) alloy and a stainless steel stainless steel 316L (S316L) along the BD. 

Several transitions of both alloys were realized along the BD. Thus, according to Ref. [2] 

that sample can be categorized as 2D multi-material structure. 

Different approaches to print 2D multi-material structures by PBF-LB were recently 

studied also by other scientific groups. Mao et al. [18] reported on the influence of process 

parameters on the formation of the interface in S316 L/CuCrZr FGMs and analyzed 

corresponding differences of mechanical properties. Chen et al. [19] printed Inconel 718 

on a S316 substrate and studied the process-microstructure property relationship in-situ 

using high-speed synchrotron X-ray imaging. Demir et al. [20] used a prototype PBF-LB 

system, equipped with a double feeder powder system to fabricate a Fe/Al–12Si multi-

material with three distinct regions: pure Fe, Fe/Al12Si blend and Al–12Si. 

The variation of a material along a second dimension (i.e., within an individual layer) 

significantly complicates the fabrication of FGMs using PBF-LB techniques. Thus, only 

a limited number of publications document the successful fabrication of PB-fused 3D 

multi-metal structures. Wei et al. used a PBF-LB system equipped with six single 

ultrasonic powder dispensers to produce complex shaped demonstrator parts with discrete 

and gradual S316 L/Cu10Sn material's variations along the BD and within individual 

layers. Preliminary results of S316 L/CuSn10 3D multi-metal sample fabricated using a 

semi-industrial PBF-LB equipment by Aconity 3D and Aerosint were revealed in their 

collaboration with the ETH Zürich and published in the context of a review on multi-

material powder bed fusion techniques by Mehrpouya et al. [21] The system is equipped 
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with two patterning drums which allows for the simultaneous deposition of up to three 

materials [22] within an individual layer. 

In this work, a 3D multi-metal structure produced by LDM PBF-LB is characterized. 

S316L and IN625 were alternated twelve times along the BD and more than a hundred 

times within individual layers (i.e., perpendicular to the BD). An advanced analytical 

approach aimed at correlating the results of different microscopy methods, energy 

dispersive spectroscopy (EDS), 2D hardness mapping and cross-sectional synchrotron X-

ray micro diffraction (CSmicroXRD). The methods were applied to evaluate the complex 

microstructure-property-relationship of the fabricated 3D multi-metal sample at different 

length-scales. 

9.2 Materials and Methods 

Two identical multi-material samples with dimensions of 3 × 15 × 7 mm3 (x × y × z) were 

produced by LDM PBF-LB on a Laserflex Conflux system (Admatec Europe BV, The 

Netherlands). The system is equipped with a SPI RedPower Laser SP200C 

(wavelength  = 1064 nm) and a galvoscanner-optics, resulting in a small spot size of 

12 μm. Gas-atomized Fe and Ni-based powders S316L (size PF-5K by Epson Admix 

Corp., Japan) and Inconel 625 (Sandvik Osprey, Sweden) with a d50 particle size of 4.18 

and 3.40 μm, respectively, were mixed with a water-based binder (Admatec Europe BV). 

The chemical composition was analyzed by EDS in an IntouchScope JSM-6010LA 

(JEOL, Japan) which was also used for scanning electron microscopy (SEM). Nominal 

and actual chemical compositions of the used alloys are given in Table 1.  

Table 1: Nominal and actual chemical compositions of S316L and IN625 in ppm (O) and weight.-% (other 

elements). 

S316L Fe C Si Mn P S Ni Cr Mo 
O 

(ppm) 

nominal 

and 

maximal 

balance 0.03 1.00 <2.00 0.045 0.03 
12.0-

15.0 

16.0-

18.0 

2.0-

3.0 
- 

actual balance 0.025 0.036 0.11 0.014 0.006 12.14 17.84 2.10 3.400 

IN625 Ni Cr Mo Nb Fe Al Co Ti Si Mn 

nominal 

and 

maximal 

balance 23.0 10.0 4.15 5.0 0.40 1.00 0.40 0.50 0.50 

actual balance 21.2 9.1 0.24 2.2 0.04 0.01 0.01 0.27 0.24 
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9.2.1 Metallographic Characterization 

The specimen (see Figure 1) was hot-embedded in graphite-filled bakelite “PolyFast” 
(Struers, Germany). The metallurgical cross-section was prepared by grinding and 

polishing, finishing with a 1 μm diamond suspension. Two-dimensional phase occurrence 

at the cross-section was assessed by confocal microscopy using a DCM 3D optical surface 

metrology system (Leica, Germany) at various magnifications. SEM was carried out on 

an IntouchScope JSM-6010LA (JEOL, Japan), at voltages of 5 and 15 kV. 

9.2.2 Hardness Profiling 

Vicker's microhardness measurements were performed across the polished sample cross-

section to evaluate hardness gradients at the interfaces between S316L to IN625 in both 

y and z directions (see Figure 1). The pyramid-shaped diamond tip was loaded with a test 

force of 4.905 N, corresponding to HV0.5, by a Mitutoyo-Bühler Micromet 5104 

hardness-testing device. Distances between two single indents were set to 200 and 

500 μm in y and z directions, respectively, and minimum edge-distances were respected 

according to ASTM E384-99 [23]. 

9.2.3 Nanoindentation 

Changes in mechanical properties within transition regions between S316L and IN625 

were further assessed by a nanoindentation experiment using a Hysitron TI 950 

Triboindenter equipped with a Berkovic indenter. The maximum load of 5 mN in the 

load-controlled regime was employed to prepare arrays of 10 × 10 indents within two 

sample regions (comprising in-plane- and out-of-plane-oriented interfaces between 

S316L to IN625). The spacing between two adjacent indents was set to ∼50 μm to map 
the mechanical properties within a larger area. The obtained data were evaluated in terms 

of hardness and reduced elastic modulus based on the Oliver and Pharr method [24]. 

9.2.4 Synchrotron X-ray Micro-Diffraction  

Figure 2 presents the experimental setup that was used to characterize the specimen by 

CSmicroXRD at the Hereon operated side-hutch P07B of the high-energy materials 

science (HEMS) beamline of the storage ring PETRA III at Deutsches Elektronen 

Synchrotron (DESY) in Hamburg, Germany [25]. The specimen (see Figure 1a) was 

scanned along y and z directions using a step size of 50 and 100 μm, respectively, mapping 

the whole cross-section in transmission diffraction geometry using a beam size of 
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9.3 Theory: Residual Stress Evaluation 

2D-XRD data were further processed using the python library pyFAI [26] to obtain 

information on the distribution of phases, microstructure (texture and crystallize size) and 

strain at the cross-section of the multi-metal sample (averaged along the beam directions) 

(Figure 1). Diffraction patterns were azimuthally integrated in the range of 0 < δ < 360°, 

which was split into 36 segments, so-called “cakes”, each encompassing a Δδ range of 

10°. Lattice parameters of (hkl) crystallographic planes and the particular alloy were 

determined from the positions of 311 and the 222 (hkl) reflections using Bragg's law. 

Each value represents the lattice parameter evaluated at the sample position , while the 

(hkl) lattice place normal-direction was oriented parallel to the diffraction vector (cf. 

Figure 2a). 

In the next step, the 𝑑𝛿𝜃௠,ℎ௞௟ሺݕ, ,ݕ𝛿𝜃௠,ℎ௞௟ሺߝ ሻ data were used to obtain residual lattice strainݖ  :ሻ along the direction of the diffraction vector 𝑸𝛿𝜃 as followsݖ

,ݕ𝛿𝜃௠,ℎ௞௟ሺߝ  ሻݖ = 𝑑𝛿𝜃,௠,ℎ௞௟ሺݕ, ሻݖ − 𝑑଴௠,ℎ௞௟𝑑଴,௠௠,ℎ௞௟  (1) 

where δ and θ represent the azimuthal position of the Debye-Scherrer (D-S) rings on the 

detector (Figure 2a) and the Bragg's angle, respectively, and is the unstressed lattice 

spacing for the crystallographic plane (hkl). 

A determination of the correct 𝑑଴௠,ℎ௞௟-values in an additively manufactured multi-metal-

material is not trivial, as neither the microstructure nor the chemical composition are 

homogenous within the sample. In this study, we determined the unstressed lattice 

parameter ܽ଴௠ for both fcc-alloys by fitting the 311 and 222 Debye-Scherrer (D-S) rings 

for IN625 as well as S316L at several measurement positions located directly next to the 

free surfaces of the sample, supposing a negligible perpendicular stress component. We 

obtained ܽ଴𝐼𝑁଺ଶହ and ܽ଴ଷଵ଺𝐿 of 3.5952 and 3.5948 Å, respectively. These results are in 

accordance with those determined in [27] and [28], respectively. 

Experimentally determined residual X-ray elastic strains ߝ𝛿𝜃௠,ℎ௞௟ሺݕ,  ሻ were used to assessݖ

residual stress components 𝜎௜,௝ ሺݕ, ;ሻݖ ሺ݅, ݆ = ,ݔ ,ݕ  ሻ, defined in the sample coordinateݖ

system with x, y and z axes, using the following approach: 
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,ݕ𝛿𝜃௠,ℎ௞௟ሺߝ = ሻݖ  ͳʹ 𝑆ଶ௠,ℎ௞௟[sin² 𝜃 𝜎௫௫ሺݕ, +ሻݖ cos² 𝜃 sin² ߜ  𝜎௬௬ሺݕ, ሻݖ + cos² 𝜃 cos² ߜ  𝜎௭௭ሺݕ, +ሻݖ cos² 𝜃 sin ߜʹ  𝜎௬௭ሺݕ, ሻݖ − sin ʹ𝜃  cos ߜ  𝜎௫௭ሺݕ, −ሻݖ sin ʹ𝜃  sin ߜ  𝜎௫௬ሺݕ, +[ሻݖ 𝑆ଵ௠,ℎ௞௟[𝜎௫௫ሺݕ, ሻݖ + 𝜎௬௬ሺݕ, ሻݖ + 𝜎௭௭ሺݕ,  [ሻݖ
(2) 

𝑆ଵ௠,ℎ௞௟ = ሺ− 𝜐𝐸ሻℎ௞௟ and 
ଵଶ 𝑆ଶ௠,ℎ௞௟ = ሺଵ+𝜐𝐸 ሻℎ௞௟ are the X-ray elastic constants (XEC) in 

Voigt’s notation. Young’s modulus and Poisson’s ratio are expressed by E and 𝜈, 

respectively, which are hkl peak-specific due to single crystal anisotropy. Eq. (2) can be 

derived by applying Hooke’s law for a quasi-isotropic material [29]. 

The Eshelby-Kroener grain-interaction model [30] was used to calculate XECs, using 

single-crystal elastic constants of Refs. [31,32], resulting in: 𝑆ଵ𝐼𝑁଺ଶହ,ଷଵଵ = −ͳ.͸ͳͺ × ͳͲ−଺ MPa−ଵ,ͳʹ 𝑆ଶ𝐼𝑁଺ଶହ,ଷଵଵ = ͸.͸Ͷͻ × ͳͲ−଺ MPa−ଵ;  𝑆ଵ𝐼𝑁଺ଶହ,ଶଶଶ= −ͳ.ͳͲͺ × ͳͲ−଺ MPa−ଵ,ͳʹ 𝑆ଶ𝐼𝑁଺ଶହ,ଶଶଶ = ͷ.ͳʹͳ × ͳͲ−଺ MPa−ଵ;  𝑆ଵଷଵ଺𝐿,ଷଵଵ= −ͳ.͵͹ͺ × ͳͲ−଺ MPa−ଵ,ͳʹ 𝑆ଶଷଵ଺𝐿,ଷଵଵ = ͸.ͷ͵͸ × ͳͲ−଺ MPa−ଵ;  𝑆ଵଷଵ଺𝐿,ଶଶଶ
= −Ͳ.ͺͻͻ × ͳͲ−଺ MPa−ଵ, ͳʹ 𝑆ଶଷଵ଺𝐿,ଶଶଶ = ͷ.Ͳͻͺ × ͳͲ−଺ MPa−ଵ 

Shear-stress components along planes parallel to the primary X-ray beam (x-direction) 

were assumed to be negligible (𝜎௫௬௠ ሺݕ, ሻݖ ≅ Ͳ; 𝜎௫௭௠ሺݕ, ሻݖ ≅ Ͳ. Due to (i) the 

comparatively small sample dimension in x and (ii) the fact, that the experimental 

geometry is insensitive to this stress component, calculations within this work are made 

on the assumption that the corresponding stress component 𝜎௫௫௠ ሺݕ,  .ሻ is zeroݖ

Consequently, Eq. (2) can be transformed to  

 

,ݕ𝛿𝜃௠,ℎ௞௟ሺߝ ሻݖ = 𝑆ଵ௠,ℎ௞௟[𝜎௬௬ሺݕ, ሻݖ + 𝜎௭௭ሺݕ, +[ሻݖ ͳʹ 𝑆ଶ௠,ℎ௞௟[cos² 𝜃 sin² ߜ  𝜎௬௬ሺݕ, +ሻݖ cos² 𝜃  cos² ߜ  𝜎௭௭ሺݕ, ሻݖ + cos² 𝜃 sin ߜʹ  𝜎௬௭ሺݕ,  ሻ] (3)ݖ

which allows to determine the stress-state within the investigated area by least-squares 

fitting of an overdetermined system of 36 equations, based on experimentally determined 
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,ݕ𝛿𝜃௠,ℎ௞௟ሺߝ -ሻ [33]. In the following, results of σyy, σzz and σyz are referred to as in-plane, outݖ

of-plane and shear stresses. 

 

 

9.3.1 Qualitative Phase Analysis 

Since the steel S316L and IN625 exhibit relatively similar lattice parameters of 3.5948 

and 3.5952 Å, respectively, it was not trivial to evaluate the spatial occurrence of both 

phases from the analysis of D-S rings’ intensities. Our former study [17] on a comparable 

sample indicated that these alloys, printed with similar process parameters, usually 

possess different crystallographic textures, i.e., a ۄ110ۃ fibre texture for S316L and a ۄ100ۃ  fibre texture for IN625. Therefore, in order to qualitatively evaluate the spatial 

occurrence of the steel S316L and IN625 phases at the sample cross-section, different 

azimuthal 220 D-S ring intensity maxima within the azimuthal ranges of 350 ≤ ߜ ≤10 

and 35 ≤ ߜ ≤55 deg were considered, respectively. Hereafter, the spatial occurrence of 

the steel S316L is presented, where the occurrence of the IN625 phase balances. 

9.3.2 Peak broadening 

Changes in diffraction peak widths are influenced by 2nd and 3rd order residual stresses, 

by gradients of 1st order stresses as well as by the size of coherently scattering domains. 

In the present case, full-width-at-half-maximum (FWHM) data were used to estimate the 

size of coherently scattering domains by using a very simplified approach based on the 

Scherrer equation [34]. For this study, we analyzed the 211S316L and the 311IN625 peaks 

according to Eq. (4) which is a rearrangement of Scherrer’s equation by Langford and 
Wilson [35]  

 𝑝 = 𝐾 ∙ ߝ = 𝐾 ∙ 𝜆ܾ ∙ cos 𝜃 (4) 

where p is the ‘true’ size of the coherently scattering domains, defined as the cubic root 
of the crystallite volume. K,  ߝ, 𝜆, b and 𝜃 are the Scherrer constant, the apparent crystal 

size, the wavelength of the used radiation, the additional FWHM-broadening and the 

Bragg’s angle, respectively. 
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9.4 Results and Discussion 

9.4.1 Cross-sectional microstructure and mechanical properties 

The cross-sectional microstructure of the multi-material sample was investigated by 

confocal laser scanning microscopy, SEM and EDX aiming to determine the distribution 

of the phases, the individual microstructures and chemical gradients in different regions 

actually achieved by LDM PBF-LB. The micrographs of the polished cross-section in 

Figure 3a,b indicate a clear separation of S316L and IN625 phases (Figure 3d) along the 

BD (further also denoted as the out-of-plane direction) with morphologically sharp and 

diffuse interfaces whenever the material changes from S316L to IN625 and from IN625 

to S316L, respectively. Remarkably, the latter interface shows an intermixing of the 

phases with a transition region of ~200 µm. This observation can be attributed to the fact 

that Ni face-centered crystal structure may solve up to about 50 weight.% of alloying 

elements [36]. 

Perpendicular to the BD (further also denoted as the in-plane direction), the interface 

region between the used alloys encompasses a width larger than 1 mm. Furthermore, 

structural defects due to a lack of binding can be observed here and for the same reason, 

the occurrence of micro-cracks propagating mainly along high-angle grain boundaries 

can be observed in IN625 (Figure 3c-e). Lack of binding in IN625 can be addressed to 

the same origin as the observed higher porosity IN625 region. The occurrence of both, 

lack of binding as well as a comparatively higher porosity result from the fact, that the 

process parameters used for both alloys were optimized for processing S316L. The shape 

of gas pores resulting from excessive energy input is round/spherical. However, the pores 

present in IN625 regions of the 3D multi-metal FGM have an irregular, angular shape. 

Therefore, it can be assumed that these pores were crated by lack of fusion. Their angular 

surface morphology cause a notch effect and could be identified as the starting point for 

some high-angle grain boundary cracks. In conclusion, optimized processing of IN625 by 

LDM PBF-LB would require a higher energy input. 

Bundles of oriented, columnar grains, visible in Figure 3e, originate from the scanning 

pattern of the laser. Grains grew in the direction of the thermal gradient (z-direction) and 

their length encompasses several melt pool boundaries. An out-of-plane preferred 

orientation of these epitaxially grown bundles can be identified in the micrographs. This 

behaviour has been known for IN625 built by a standard PBF-LB process [37] as well as 

by other metal AM processes and has also been documented in Ref. [38]. 
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values. Microhardness values in in-plane oriented interface regions change gradually 

from bulk S316L to IN625 and vice versa within an intermixing zone that encompasses 

about 2 mm in width ( 

Figure 4c-d). The gradual change of microhardness values correlates to the width of the 

intermixing zone in which the chemical composition of both alloys change gradually from 

S316L to IN625.  

Due to the higher spatial resolution needed in order to determine local mechanical 

properties nanoindentation mapping in an area of 500×500 µm² at the top of the region 5 

(cf. Figure 5) was conducted. Reduced moduli for S316L and IN625 were measured using 

nanoindentation and evaluated to be ~181 and ~191 GPa, respectively. Nanohardness 

values (HO-P), determined by the Oliver-Pharr method [24], increased from ~3.4±0.1 GPa 

in S316L to ~4.7±0.1 GPa in IN625. These values are obviously higher than the values 

determined by the microhardness measurements. 

Even though the processing route of the multi-material sample investigated in this study 

differs from a standard PBF-LB process in industry (previously also known as laser 

melting process) [40–42], the determined hardness values for the S316L alloy can be 

compared with literature results [43] but are about ~7% higher than the macro-hardness 

value of ~221 HV10 reported in Refs. [44,45]. Valente et al. [46] investigated the 

influence of different protective gas atmospheres used in PBF-LB and observed 

systematically higher hardness values for samples built in an N2 atmosphere which was 

also the case in the present study. The authors explained their observation with a 

remarkable solubility of N in stainless steel while Ar as an inert gas is not soluble. 

The determined hardness values of 285±5 HV0.5 for IN625 were compared with results 

of macro- and microhardness measurements published in data sheets and literature 

[37,47–49]. SLM Solutions [47] provides slightly varying values of 291 to 310 HV10 for 

the as-built condition, depending on the layer thickness that was used in their process. 

The reported tendency suggests that material’s hardness decreases with an increasing 
layer thickness. Wong et al. [38] documented the dependence of hardness values on 

badly/well optimized parameters used during a multi-laser PBF-LB process. It can be 

concluded that the values reported here are in good accordance with results of (micro) 

hardness measurements on samples synthesized by standard PBF-LB processes. 

A gradual adaptation in transition zones, comparable to the in-plane and out-of-plane 

oriented intermixing zones of this sample, has also been determined in the case of a 

S316L/Cu10Sn multi-metal system [50] as well as for a S316L/C184000 (Cu alloy) 

material combination [51]. 
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9.4.2 Residual stress distribution, texture and microstructure 

CSmicroXRD was performed to assess the distribution of the stress state, the texture, 

phases and microstructural changes in the build up. The information was derived from 

2D diffractograms which were used to quantify the residual strain state in the synthesized 

multi-material sample. In a next step, the residual stress distribution was calculated 

(Sec. 3) by using the corresponding XECs of both materials. As the XECs of the materials 

are different, residual stresses in IN625 and S316L were calculated separately. In-plane, 

out-of-plane and shear stresses, are illustrated in Figure 6 and 7a, b and c, respectively. 

The distribution of residual stresses in Figure 6 and Figure 7 correlates well with stress-

formation models of Ref. [55] and helps to understand mechanisms affecting the crack 

initiation in AM materials. The in-plane stress distribution in Figure 7a in the uppermost 

layers shows maximal tensile stresses of approx. 400 MPa in the specimen’s centre and 
reduced tensile stresses of approx. 50 MPa or nearly stress-free regions at the left and 

right edges of the specimen. As indicated in Figure 6c and Figure 7c, shear stresses in the 

respective area are negligible. In-plane residual stresses (Figure 6a and Figure 7a) in the 

topmost layer are thus relevant especially for solidification cracking and crack 

propagation parallel to the BD, which is the z-direction in this case. At greater depths of 

>1 mm, in-plane residual stresses behave in the opposite way, exhibiting a (compressive) 

minimum in the sample’s centre and moderate (tensile) maxima at the left and right edges. 

Furthermore the evaluation of experimental data exhibited stress concentrations in both 

phases whenever the printed material changed from IN625 to S316L. Maximal tensile 

stresses of approx. 800 MPa could be detected on top of sample region 6 due to the 

superposition of (i) the stress component given by the temperature gradient mechanism 

[56] and (ii) the stress component induced during the cool-down phase of the molten top 

layers. 

In contrast, stresses in the out-of-plane orientation were determined to reach maximal 

levels of >900 MPa at the left and right edges of the specimen (Figure 6(b) and 7(b)). 

Like the distribution of in-plane residual stresses, this correlates well with predicted 

results from simulations [55] and helps to understand the strong tendency for crack 

propagation perpendicular to the BD, starting at the sample’s edges. This kind of crack 
propagation is often referred to as “delamination” and can be found in various PBF-LB 

materials [57–59]. It is important to notice that the evaluated stress levels correspond to 

stress components of the Cauchy stress tensor. These components can thus exceed the 

yield strength of the materials as the yield strength determined in uniaxial tensile tests 

does not represent the stress components but the yield criterion described e.g. by the 

maximum energy distortion criterion. 







Graded Inconel-Stainless Steel Multi-Material Structure by Inter- and Intralayer 

Variation of Metal Alloys 

158 

 
9.5 Conclusions 

The present work documents the application of correlative standard and advanced 

characterization methods to investigate the complex microstructure, mechanical 

properties and the distribution of residual stresses in a printed 3D multi-metal FGM. Two 

identical specimens were synthesized by LDM PBF-LB which represents a relatively 

novel technique based on the use of slurries instead of powders in a PBF-LB process. The 

samples’ cross-sections were subjected to micro- and nanohardness tests and furthermore 

characterized by confocal microscopy and SEM, EDS and CSmicroXRD. 

Results of this study indicated that: 

• Stainless steel S316L and IN625 were successfully combined layer-by-layer (in build-

direction z) and within individual sub-layers (x-y direction) with resolutions better 

than 200 µm and of about 1 mm, respectively, to form solid 3D multi-metal FGMs. 

• Nanohardness experiments revealed a gradual change of mechanical properties at  

interface regions of the build-up. Microhardness gradually changed from 237±5 in the 

stainless steel to 285±5 HV0.5 in the Ni-base alloy at graded horizontal and 

morphological sharp vertical interfaces. 

• Reduced moduli of ~181 and ~191 GPa for S316L and IN625, respectively, of the 

pure alloys and at one interface were assessed by nanoindentation mapping. 

• CSmicroXRD mapping indicated the presence of significant residual stresses of 

approx. 800 MPa in the in-plane direction (i.e., the y-direction, oriented perpendicular 

to the BD). Maximal residual stresses of >900 MPa were determined in out-of-plane 

orientation (i.e., the z-direction, oriented parallel to the BD). Shear components in 

these build-ups could be neglected due to their negligible degree of expression. 

The experimentally assessed results of this work lead to a deeper understanding of an 

optimized design of multi-metal 3D FGMs synthesized by PBF-LB related AM 

technologies in terms of crack-initiation and crack-propagation.
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