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Abstract 

The Anisotropic and Inhomogeneous Nature of Additively Manufactured 

Metals, and the Application of Selective Laser Melting in Dentistry 

by Leonhard HITZLER 

Additive manufacturing of metal represents a powerful pathway to fabricate highly complex 

parts without the need of special tooling and is best suited if either only low quantities are 

required, or the case at hand requires a fast fabrication. All of these circumstances are given 

as far as dental restorations are concerned. Highly customizable geometries are required since 

every restoration is unique. However, in every instance only one identical piece at a time is 

needed, and the treatment’s effectiveness benefits from the accelerated preparation of the 

restorations. This research project has identified significant improvements in additive 

manufacturing, especially regarding the fabrication of directly deployable components. While 

there are still numerous challenges to be overcome, the manufacturing capabilities are 

undergoing a step-change and the undertaken work contributes to this progress. 

The research efforts in this dissertation were dedicated to understand and describe the 

anisotropy and inhomogeneity in selective laser melted metal components. The investigations 

ranged from the inhomogeneity in the surface morphology and quality to the material and 

direction dependent anisotropy in mechanical properties such as hardness, tensile and 

compressive strength, as well as fracture toughness. 

The outcome were descriptions of the material and process conduct dependent anisotropy, 

with explanations of their origin based on the microstructural development throughout the 

fabrication process. Moreover, dental grade cobalt-based alloys were fabricated, utilizing the 

selective laser melting, and the suitability for dental purposes was proven. Furthermore, 

based on the results clear recommendations are provided on post-heat treatments to achieve 

isotropic material properties and to further enhance the material properties. 
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Foreword 

In the area of dental restorations the utmost challenge is to restore the patient’s ability to live 

a life without pain or sacrifices as fast as possible, while at the same time having high 

standards regarding aesthetics and longevity of the restorations. The fact that we are all 

individuals with unique bodies and needs, necessitates patient specific treatment and render 

this undertaking far more challenging than any standardized problem can be. Dental 

restorations are unique, patient specific in their designs, while inhabiting complex shapes and 

serving multi-functional purposes. These components are challenging to realise with 

conventional manufacturing technologies, like investment casting or milling. In addition, 

only a single component at a time is needed which for the most part requires a manual surface 

finishing. Thus, the costs for dental restorations, as most people certainly are aware of, are 

very high. 

Since additive manufacturing is known to be rather pricey and of limited use for mass-

production there is a perfect symbiosis, right? 

Additive manufacturing is predestined for the realisation of highly optimized structures and 

offers an outstanding freedom in geometrical design, whereby added complexity only 

marginally affects the overall costs of the production. This manufacturing trait has seen major 

improvements in the last decade. One of the most important ones being the availability of 

high power lasers which has enabled the full melting of the raw materials. Hence, this has 

overcome many limitations of the past which necessitated the use of binding media. Given 

this, the fabrication technique can be considered suitable for dental applications, while 

eliminating many intermediate physical processing stages required in the time-consuming 

investment casting process and paving the way for a more time efficient, potentially less 

expensive, solution for the fabrication of dental restorations. 

However, the design and dimensioning of components can be very challenging, as the layer-

wise generation process results in anisotropic material properties, which are highly volatile to 

the manufacturing conditions. The dimensioning state has to account for the anisotropic 

properties in both the elastic and elasto-plastic range, including the stress-concentration 

effects of localized and inherent imperfections. This challenge is evident in all areas where 
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additive manufacturing is incorporated for the fabrication of deployable components and by 

no means unique to the dental sector. This has the additional problem that the anisotropic and 

inhomogeneous nature of additively manufactured metals is not fully understood yet. Thus, 

prior to the actual description of the material behaviour and the designing of components for 

fabrication via additive manufacturing, the material behaviour needs to be investigated and 

representative material models need to be developed. 

Major objectives included in the dissertation: 

• Identification of correlations between manufacturing parameters, the process conduct

and the obtained part characteristics, i.e. material strength and surface quality

• Detailed description of the anisotropy in the material properties, including

- discrepancies between tension and compression, 

- assorted characteristics for varying raw material 

• Linkage of the anisotropy and inhomogeneity discovered on the macroscale to

underlying microstructural developments

• Proof of compliance with dental standards and suitability for the fabrication of dental

restorations

The investigation about anisotropic characteristics and inherent inhomogeneities was 

undertaken in a structured manner. Principle investigations to acquire the knowledge about 

the peculiarities of the process and the understanding of the mechanical characteristics of 

selective laser melted components were undertaken by investigating affordable, marketable 

metals, such as aluminium-silicon alloys and stainless steel, both of which have well-known 

references from industrial grade conventional fabrication techniques. 

• Phase 1: Knowledge acquisition and preliminary investigations on

aluminium-silicon (AlSi)

The first phase comprised of extensive testing on industrial grade AlSi, which offered 

excellent processibility via AM with state-of-the-art machinery. It is also of high interest for 
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lightweight components in the automotive and aviation sector and an ideal starting point for 

initial benchmarks. (Chapters 2 and 3) 

In addition, during the early stages extensive evaluation of existing literature was undertaken. 

It should be noted that due to the fast progressing nature of this topic via ongoing research 

efforts, the baseline and the knowledge and data available is constantly improving. 

(Chapter 1) 

• Phase 2: Influence of the material and the process conduct

In the second phase the dependency of the inherent anisotropy and inhomogeneity on the raw 

material was investigated by extending the investigations to stainless steel. The particular 

causes for these alterations were determined on the microstructural development in the 

layered-micro-welding process. Moreover, the process conduct and the influence of the 

stacking scheme on the evident anisotropy were investigated. (Chapter 4) 

• Phase 3: Selective laser melting of cobalt-based alloys

In the third step the acquired knowledge is utilised for the analysis of selective laser melted 

dental grade cobalt-based ternary alloys. Extensive investigations on the microstructural 

characteristics and mechanical properties before and after heat treatments were undertaken. 

(Chapter 5) 

• Phase 4: Summary and conclusion

In the last phase the data and conclusions obtained from the individual investigations were 

analysed as a whole to yield a comprehensive overview and to summarize the research 

contribution. (Chapters 6 and 7) 
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Chapter 1. 

Introduction and Literature Review 

A Review of Metal Fabricated with Laser- and 

Powder-Bed Based Additive Manufacturing 

Techniques: Process, Nomenclature, Materials, 

Achievable Properties, and its Utilization in the 

Medical Sector 

Leonhard Hitzler a, *, Markus Merkel b, Wayne Hall a, Andreas Öchsner a 

a Griffith School of Engineering and Built Environment, Griffith University, Parklands 
Drive, Southport QLD 4222, Australia 

b Aalen University of Applied Sciences, Faculty of Mechanical Engineering and 
Materials Science, Beethovenstrasse 1, 73430 Aalen, Germany 

Abstract 

Additive manufacturing has multiple advantages over conventional fabrication techniques, 

such as the geometrical freedom and, to a great extent, the omission of tooling equipment. 

Hence, futuristic designs and non-standard topology-optimized structures can be fabricated 

without causing noteworthy extra cost, since the geometrical complexity is, exaggeratedly 

spoken, for free. The manufacturing time and the amount of required raw material are the key 

criteria, which determine the expenses. What at first glance appears as an engineer’s dream, 

introduces its complexity in the description of the material’s characteristics and their 

volatility to the manufacturing conditions. Within this study, the main properties (i.e. surface 

hardness, tensile and compression strength, as well as fracture toughness) and their 

anisotropic and inhomogeneous nature are addressed. Detailed overviews of the progress to 

date for aluminium, iron, titanium, cobalt and nickel based raw materials are provided. 

Furthermore, an overview about the state-of-the-art in the medical sector is included, 

comprising the areas of utilization and several trail studies. 

Reprinted with permission from John Wiley & Sons - License No. 4396511400287
This is the accepted version of the following article: L. Hitzler, M. Merkel, W. Hall, A. Öchsner, Adv. Eng. Mater. 2018, 20, 1700658; which has been published 
in final form at [http://dx.doi.org/10.1002/adem.201700658]. This article may be used for noncommercial purposes in accordance with the Wiley Self
Archiving Policy [olabout.wiley.com/WileyCDA/Section/id-820227.html]
The manuscript has been reformatted to meet the criteria of a dissertation under the Griffith University guidelines.
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Additive manufacturing (AM) of metal represents a powerful pathway to fabricate highly 

complex parts without the need of special tooling and is best suited when only low quantities 

are required [1-3]. Thus, AM technologies enjoy great popularity in the early design stages, 

where only few models and prototypes, sometimes a single piece per design study, are 

generated [4,5]. Achievable material properties and the strength of fabricated models are 

hereby, at best, of secondary importance. This changes rapidly when moving on towards the 

fabrication of directly applicable components [6]. Due to the high geometric flexibility 

offered by AM technologies, the intentions are to generate optimized components, tailored to 

serve very particular needs [7]. In aerospace applications, the main intention is to enhance the 

strength to weight ratio of components, allowing aeroplanes to become lighter and thus, more 

efficient and versatile [8-10]. Given this, the knowledge of peculiarities of AM fabricated 

parts, their material properties, directional characteristics, and the resulting challenges in the 

design are of great importance. 

Moving on to the medical sector, the challenges and requirements change entirely, e.g. major 

material characteristics like the absolute material strength and ductility become of secondary 

importance. Key criteria in this area are the ability to fabricate components tailored to the 

patient needs [11-14]. Thus, highly customizable geometries and accuracy regarding shape 

and size become very relevant, coupled with the requirement to adjust the stiffness of the 

material to enhance the compatibility with the human body, e.g. reducing the stiffness 

variance between bones and implants to lower the likelihood of implant rejections caused by 

stress shielding [15-18]. Given restrictions in alternative fabrication methods, e.g. the 

required accessibility in milling or the limitations given by the mould in terms of casting, AM 

techniques are inevitably destined to be utilized in the medical sector [19-22]. The major 

restriction, hereby, is the irremissible biocompatibility; hence, in the early stages of AM, 

where binders and multi-material mixtures were used, the direct fabrication of implants or 

dental restorations was not possible and their utilization was restricted to the production of 

models and tools. 

The aim of this review is to provide a comprehensive overview about the mechanical 

properties of additively manufactured metals, utilizing the full melting of the raw material. 

There are, of course, multiple reviews already present in this area, however, often the 

mechanical properties are discussed without taking the inhomogeneous nature of AM and the 
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induced directional dependencies into account [23-26]. In addition, this review also serves as 

an indicator for evident correlations between properties and addresses similarities and 

anomalies in comparison to the known behaviour of conventionally processed metal. Apart 

from the material characteristics, this work provides an overview of the current utilization of 

AM in the medical sector and reported unique trail studies. 

 
In the following, the terminology in accordance to the international standard ISO/ASTM 

52900:2015 [27] is applied, unless stated otherwise. An overview about further standards in 

AM, as well as their development over time, can be found elsewhere [28]. Various types of 

AM processes are readily available and are generally split into categories based on the 

number of steps required to obtain the final part, i.e. single- or multi-step AM processes. The 

second subdivision of the processes is based on the underlying principle of the feedstock 

mechanism: The supply of the added material via a deposition nozzle, categorised as directed 

energy deposition (DED), due to the fusing of the material taking place while it is deposited; 

or via subsequently added layers in a closed environment, whereby the deposited material 

(e.g. subsequent powder, sheet or fluid layers) is fused after its deposition [6,29,30]. In the 

case of a powder-bed based process the category is labelled as powder bed fusion (PBF). 

From there, further distinctions are based on the utilized raw material, i.e. polymer, metal or 

ceramic based raw materials, whereby there are, of course, interdisciplinary cases, e.g. metal 

powder with polymer binder or ceramic powder with metal acting as a binder (such as hard 

metal, tungsten carbide-cobalt) [31]. In addition, AM processes vary based on the utilized 

source of power, e.g. laser or electron beam [32]. Within this study the focus solely relies on: 

• metals as the main component of the raw material, 

• a powder-bed based manufacturing environment, 

• a laser beam as energy source. 

 
Various nomenclatures for processes in the considered category are found in the literature 

and the boundaries amongst them are not precise. This is mainly related to the rapid and 

parallel developments which have happened in this area in recent history. To illustrate, 

selective laser sintering (SLS) was one of the first AM technologies utilizing raw metal 
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powders [6]. Given the limitations back then regarding the available lasers, i.e. their absolute 

power, the ability of highly focussing the power and the available wavelengths, only weak 

connections (solid state sintering1) between the powder particles could be achieved at 

reasonable scan speeds [35]. The achievable type of fusion, of course, depends on the utilized 

raw material and its corresponding properties as well, namely the absorption or reflectivity of 

the laser irradiation, the thermal capacity and its heat conductivity [36,37]. At first, polymers 

were introduced as a binder to enhance the mechanical properties and, correspondingly, the 

handling of the fabricated “green” part. The description “green” part indicates that the as-

built part was not ready after the AM step, an additional infiltration with a low melting 

material, commonly copper or bronze, was required to obtain reasonable densities and 

mechanical properties (multi-step AM process) [34,38]. This polymer enhanced SLS was 

then called indirect metal sintering [39]. Another option, utilized for military purposes, was 

the coupling of SLS and hot-isostatic-pressing (HIP) [40,41]. From there on, improvements 

were made on both sides, i.e. the raw material and the laser source, leading to metal powder 

mixtures with a low and high melting metal or alloy. Hereby, only the low melting 

component is molten during fabrication, leading to a partial melting of the raw material and 

the direct fabrication of full metal parts with adequate properties within one fabrication step, 

formerly known as direct metal laser sintering (DMLS) (single-step AM process) [42,43]. On 

the other side, the availability of improved lasers led to the possibility to fully melt the raw 

metal powder, rendering the addition of binding media partially obsolete. This process is well 

known as either selective laser melting (SLM) or laser beam melting (LBM) [8,33,44,45]. 

Given the fact that these entire enhancements were made within a short period of time and by 

modifying existing AM machines, the previous “older” nomenclatures were still applied [46]. 

Then, with the enhanced machinery, all described PBF processes could be performed within 

one machine by simply changing the settings and the raw material, leading to a generalized 

usage of the nomenclatures. This can best be seen in the example of SLM and DMLS, which 

are nowadays also registered trademarks of companies, despite the fact that their machines 

are interchangeably capable of either process [47]. Thus, in this study, the following approach 

is used to put the various nomenclatures in place. The main categorization criteria are the 

underlying binding mechanisms, coupled with the most common utilization found in 

1 The occurrence of pure solid state sintering is rare, as this binding mechanism is slow and requires more than a 
short interaction with a laser beam [6,33,34]. Thus, the solid state sintering in AM terms is more accurate a 
slight melting of the outer particle shell, leading to a local weak connection between powder particles, which is 
comparable to the one achieved in sintering. 
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literature (see Figure 1-1). It should be mentioned that some abbreviations, such as LAM and 

ALM, are also utilized for deposition nozzle AM processes [48]. 

 

Figure 1-1: Nomenclatures characterized by the underlying binding mechanism according to 
the most common utilization in literature; for definitions and exemplary usages see 
[8,14,23,24,30,33,38,39,42,44,49-53] 

 
In AM, the information necessary for fabrication, is generally acquired from the CAD model 

of the part to be manufactured and requires, besides the part itself, the knowledge of the 

positioning in the build space, the support structure and the layer thickness. Based on this, the 

geometry is converted into a sliced model, which approximates the continuous geometry 

information as a sequence of cross-sections with their thickness equalling the layer thickness 

(see Figure 1-2a) [54]. The sliced model facilitates the layer-wise generation, however, not 

yet the fabrication with a highly focused energy source. Thus, the individual cross-sections 

per layer need to be discretised further, into individual scan tracks, representing the entire 

part as stacked sets of in-plane (xy) vectors (see Figure 1-2b). 
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Figure 1-2: (a) Conversion of the CAD data to a sliced model; (b) representation of the slices 
as single scan tracks, adapted from [55] 

The division of the slices into single scan tracks, including their arrangement and the 

subsequent irradiation sequence, is commonly named scan strategy or irradiation pattern. 

Various strategies have been extensively investigated due to the immense impact on the 

properties of the manufactured part, such as relative density, microstructure, mechanical 

strength and residual stresses [36,55-63]. The main distinction amongst these is the approach 

of dividing the cross-section to be irradiated into smaller subsections and their subsequent 

scanning order. Most utilized are the line scanning approach with rotating scan tracks 

between subsequent layers (depicted in Figure 1-2b and Figure 1-3) and the island scanning 

approach. Independent of the approach used to scan the cross-sections, representing the 

crayoning of the core itself, all approaches have in common that the cross-section’s 

boundary, the contour, is irradiated separately. This differentiation is related to the disparate 

governing requirements, i.e. the high relative density of the core and the good surface finish 

of the contour [64]. Due to the dispersion effects of the irradiation, caused by the interaction 

of the laser beam with the powder particles and the existing scan tracks, a widening of the 

affected zone occurs [65,66]. Coupled with the melt pool and consolidation behaviour of 

liquid metal in a powder-bed environment, a lack2 of metal powder in the neighbouring areas 

of a scan track results (see Figure 1-3), which leads to varying sizes of subsequent scan 

tracks. [38,49,67-70]. Hence, the contour has to be irradiated first in cases where the accuracy 

of the part and the surface quality of side faces are crucial. This approach was also found to 

result in higher strength and ductility in delicate structures [71]. 

2 This only applies in the binding mechanism range between partial melting to full melting (see Figure 1-1). 

(a) (b) 
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Figure 1-3: Depiction of the scanning strategy for a single layer on the example of the line 
scanning approach; exemplification of the powder-bed environment after the contour being 
irradiated (full melting) 

During the manufacturing process itself, the part is produced in a stepwise manner by 

selectively exposing successive powder layers, following the scan vectors with a laser beam 

as the driving force for localized solidification (see Figure 1-3) [44,56]. After finishing the 

exposure of one single layer, the substrate plate is lowered and a new powder layer is added 

on top by an inbuilt recoater system [72-74]. Performing these steps multiple times generates 

the entire part as a summation of the individual layers [75,76]. On a side note, the powder 

layer thickness and the layer thickness of the solidified layer are not equal, but directly 

related. Given the case of pure solid state sintering as the binding mechanism, the shrinkage 

of the powder layer is very minor, resulting in minimal deviation amongst the two measures. 

However, considering the full melting and the corresponding change of the relative densities, 

starting with around 55-60% relative density of the powder layer3 compared to a relative 

density of close to 100% after consolidation, there is a distinct deviation [46]. Given a 

constant powder layer thickness in this instance, there is also a transient response occurring 

during the first couple of layers, until a constant ratio is reached, which generally sets in after 

irradiating around ten layers [80-82]. This ratio between the layer thickness (tLayer) and the 

effective powder layer thickness (teff) fluctuates based on the tap density of the individual 

powder and the recoater type, due to possible compacting effects via differing scraper blades 
                                                 
3 The relative density of the powder is characterized by its apparent density, for the loose powder, and the tap 
density, for the powder-layer, and was shown to impact the achievable relative density of the consolidated 
material. In general, higher tap densities yield to higher densities of the fabricated component [77,78]. However, 
the tap density varies between the powder-bed, which comprises multiple layers, and the single powder layer on 
top of solidified material, with the latter being lower [79]. 
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or roller designs [83]. Regarding the selection of an appropriate raw powder for a chosen 

layer thickness, Spierings, Levy [81] and Karapatis et al. [84] defined the following criteria:  

𝐷90 <  𝑡Layer  ; 𝐷50
𝐷10

⁄ ≥ 10  ;  𝐷90
𝐷10

⁄  ~ 5  ;  𝑡eff
𝐷90

⁄  ~ 1.5  , 

with Dx describing the statistical powder particle size distribution and x indicating the 

percentage of particles being equal or smaller in size, than the stated diameter. Interestingly, 

in the case of a single scan track, or correspondingly for the first scan track irradiated in the 

undisturbed powder layer, its height tends to exceed the powder layer thickness [85]. 

Due to the high reactivity of metals at elevated temperatures, well known from welding 

procedures, the fabrication process occurs in a well-maintained inert gas environment. 

Multiple media can be utilized, nitrogen and argon being the most common ones [86-89]. 

Another similarity in regard to welding is the occurrence of residual stresses, arising due to 

high temperature gradients, and the related distortions and the likelihood of cracks [90]. Thus, 

the control of the overall temperature field in the build space and especially the temperature 

profile in the part during manufacture is of high importance. Given the fact that the powder-

bed acts like insulation compared to solid metal, due to its thermal conductivity being 

magnitudes lower, the thermal coupling is primarily governed by the interaction between the 

regulation system in the mounting plate and the component, connected via the substrate plate 

and the support structure (see Figure 1-4) [91-95]. On a side note, this connection prolongs 

with increasing build height and the gain in solidified mass affects the thermal behaviour; 

thus, the effectiveness of the thermal regulation decreases with increasing build height and is 

often referred to as heat accumulation effects [82,91]. Secondary influences are: the 

interaction with the inert gas stream; the solid metal surrounding, enclosing the powder-bed 

environment; and the powder-bed itself, even though its heat conductivity is poor, it still acts 

like a heat reservoir (see Figure 1-5) [96-98]. 
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Figure 1-4: Schematic setup of powder-bed based additive manufacturing techniques; 
depicted is the full melting of the raw material as it is the case in SLM, LBM 

 
Figure 1-5: Build environment and thermal coupling exemplified on the substrate plate 
(initial setup) 

 
Out of the binding mechanisms, full melting yields the best mechanical properties as it 

overcomes the necessity of binding media, which generally lowers the overall strength, and 

thus, is targeted in this section. In general, the material properties of AM fabricated 

components are of an anisotropic and inhomogeneous nature [91,99]. Their macroscopic 

strength depends on the underlying microstructure, which is the direct result of the 

manufacturing process and thus, highly depends on the quality of the process, the machine 

setup and the individual parameters [100]. A common approach to characterise the 

fabrication process is by the applied energy density of the core irradiation,  
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𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑉𝐸𝐷) =  
𝑙𝑎𝑠𝑒𝑟 𝑝𝑜𝑤𝑒𝑟 × 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑡𝑖𝑚𝑒

𝑙𝑎𝑦𝑒𝑟 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 × ℎ𝑎𝑡𝑐ℎ 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 × 𝑝𝑜𝑖𝑛𝑡 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
 , 

with   𝑠𝑐𝑎𝑛 𝑠𝑝𝑒𝑒𝑑 =  
𝑝𝑜𝑖𝑛𝑡 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑡𝑖𝑚𝑒
    [37,63]. 

It has been shown that the applied energy density correlates with numerous properties, such 

as relative density, tensile strength, hardness, and surface roughness [101-104]. However, the 

energy density comprises multiple parameters, which all individually influence the process in 

their own individual manner, and thus, similar energy densities can result in various 

outcomes [105-110]. The hatch distance, for example, is the distance between two 

neighbouring scan tracks and thus, greatly corresponds with the remolten fraction of the 

previously fabricated scan track, ensuring a proper connection amongst the single weld beads 

of a layer. Setting it too low results in an unnecessary remelting of material, which effectively 

slows down the process, increases the amount of energy required to fabricate the part and 

thus, renders the process less economic [10]. An overly large hatch distance results in an 

insufficient bonding between subsequent scan tracks and consequently, in poor mechanical 

properties. This distance corresponds with the size of the melt pool, which itself depends on 

multiple parameters. Foremost the laser power and the effective absorption, which greatly 

varies based on the physical state of the irradiated material (i.e. metal powder, liquid (melt 

pool) and solid material), the wavelength of the laser light and the energy distribution over 

the focused area [37,111-114]. Secondly, the scan speed has a noteworthy impact on the 

shape of the melt pool, with increasing scan speeds the melt pool width decreases, which 

requires to reduce hatch distances to account for it, while the melt pool length increases 

[63,69]. A similar correlation is evident for the melt pool depths, the remolten area between 

layers and the chosen layer thickness. In addition to the complexity of determining a suitable 

set of fabrication parameters, various raw materials differ widely in their requirements and 

their absorptivity of the laser power, and their heat conductivity. This leads to the formation 

of material dependent melt pool shapes, with the melt pool developing from a slightly 

pronounced elliptical cross-section for raw materials with a high heat conductivity (e.g. 

aluminium) to very pronounced and elongated ellipses (e.g. titanium) [115]. Aluminium 

based raw materials, for example, allow the fabrication with hatch distances greater as the 

laser beam diameter, due to the increased scan track size reasoned in the high thermal 

conductivity [115,116]. In general, all weldable metals can be fabricated by using powder-

bed based AM, including those with only limited weldability, due to the controllability of the 

thermal environment and, correspondingly, the cooling rates [50,117-119]. In most cases it 
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was found that the process stabilized and became more tolerant with increased power levels 

[111,115,120,121]. Additionally, it was documented that increased power levels allow an 

over-proportional increase in the build rate, thus, enabling a more economic fabrication with 

an effectively decreased VED required for the identical job [110,122,123]. This phenomenon 

is greatly attributed to the faster processing, which minimizes the losses of energy, which are 

significant at low build rates [67]. 

The next crucial point is the determination of the properties via destructive (e.g. tensile and 

compression tests) and non-destructive (e.g. computed tomography (CT) and ultrasonic 

investigation) procedures. The latter are mainly utilized to check for imperfections, such as 

cracks and pores, whereas destructive tests are primarily utilized to characterize the material 

strength. In recent studies it was attempted to obtain the material constants of the linear 

elastic range, namely Young’s modulus and Poisson’s ratio, based on varying sonic velocities 

determined by ultrasonic investigation [64,71]. However, the reported results differ: In the 

case of an aluminium-silicon (AlSi) alloy the reproduction of the values obtained in tensile 

testing was not possible, whereas for stainless steel, the obtained results were found to be 

within a reasonable range. Given this, it can be concluded that destructive material tests 

being, to date, the only reliable method to obtain the material properties. On a side note, a 

good overview about several achievable properties for various raw materials and AM 

techniques can be found here [23,25,124]. However, due to the anisotropic and 

inhomogeneous character, the pure knowledge of absolute maxima is, by far, insufficient. For 

example, for a safe dimensioning, which entirely neglects all these irregularities, the 

knowledge of the minimal strength and ductility is the crucial information [91]. In terms of 

sophisticated designs, which utilize the peculiarities for their benefit, the precise description 

of the material behaviour is required. This leads to the necessity to describe the material 

properties in relation to a specific direction and overall location. Commonly, this is 

undertaken based on the component’s alignment and positioning during manufacture (see 

Figure 1-6). There are multiple variations found for this description and the most utilized 

ones are summarized: The international standard ISO/ASTM 52900:2015 [27] outlines that a 

three-dimensional coordinate system (x, y, z) is to be used, which is placed on a fixed point 

on the build platform and has three rotary axes (A, B, C). However, the fixed point and the 

absolute orientation is user or manufacturer specific. A commonly used alternative to this, 

which is based on the machine setup itself, is the utilization of the polar (Φ) and azimuth 

angle (Θ), with the polar angle being the inclination to the build plane and the azimuth angle 
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being the offset angle to the recoater translation [91,125,126]. In many instances the material 

characterization is simplified into a 2D problem, which neglects the secondary in-plane 

anisotropy and only takes into account the more pronounced anisotropy in regard to the 

inclination to the layers. In this case the polar angle serves as the only rotational parameter 

accounting for directional dependencies [127-129]. 

    
Figure 1-6: Description of the anisotropic and inhomogeneous material properties in the 
manufacture space; anisotropic relates to differing properties based on the direction (Φ, Θ); 
whereas inhomogeneous relates to deviations based on the location, e.g. A1, A2, A3 

To illustrate the necessity of a proper description of the material characteristics, differing 

material properties are attributed to where and when a specific section of the component was 

manufactured during the build job. For example, it has been reported that age-hardenable 

alloys, like AlSi10Mg, undergo a precipitation hardening during fabrication, the emphasis of 

which is related to the dwell time at elevated temperatures and results in deviations along the 

z-coordinate [91,95,130]. Moreover, this inhomogeneity was superimposed with tensile 

properties which showed a highly dependency to the load versus layer orientation, with 

maxima of strength and ductility in, or close to, a parallel layer to loading case. 

Given the manufacturing related fluctuating material parameters and their influence in the 

dimensioning, proper designing of components necessitates both the common criteria (e.g. 

the catalogue of requirements), as well as the consideration of the fabrication conditions. In 

the following subsections various properties of AM fabricated samples and components are 

discussed and summarized. As outlined, the main focus relies on the full melting of a single 

component/alloy, i.e. aluminium, iron, titanium, cobalt and nickel based raw materials, and 

where applicable, their anisotropic nature and tendencies are discussed. 
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The relative density serves generally as a good indicator for the quality due to its direct 

correlation with the material strength and thus, is often utilized as the core optimization 

criteria and the foremost evaluated property of fabricated components [60,99,118,131]. To 

illustrate, the amount of inherent pores affects both the material behaviour in the elastic 

range, e.g. the Young’s modulus, and in the elasto-plastic range, e.g. tensile strength and 

ductility [105,132-134]. There are multiple options to determine the relative density, i.e. the 

Archimedes principle, image processing of micro-sections or by using CT-scans, all of which 

have certain advantages and drawbacks. The Archimedes method was found to deliver the 

most accurate results, whereas the other two options offer, in addition, an insight into the 

porosity distribution [64,121,135]. In AM, the porosity distribution is directly influenced by 

the manufacturing settings [136]. The remaining porosity is classified as a superimposition of 

metallurgical and keyhole pores, based on their underlying formation processes [36,124]. 

Metallurgical pores refer to pores created by entrapped gases, which can be caused by 

dissolution of elements from the melt, creating spherically shaped pores, e.g. hydrogen 

porosity in aluminium [137,138]. Keyhole pores, on the other hand, are irregularly shaped 

pores, caused by instabilities in the process, and are likely to appear on the ends of scan 

tracks and in the transition area between the core and the contour irradiation 

[36,62,64,91,139]. Thus, the latter have a more emphasized influence on the mechanical 

strength, as their irregular shape further increases the occurring stress concentration effects 

and, on top of this, those voids often occur on, or close to, the surface [99,140-142]. On a side 

note, the major influencing parameters for the remaining porosity and pore size were found to 

be the LT and the SS respectively [138]. An overview of achievable relative densities is 

provided in Table 1-2 to Table 1-5. 
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Table 1-1: Achievable relative densities for Al-based raw materials 

Alloy 
Relative density in [%] 

References 
common* max. 

pure Al > 99.5 [143] 

AlSi0.5 ~ 100 [120] 

Al6061 (AlMg1SiCu) 96.5 [144] 

Al7075 (AlZn5.5MgCu) 95.1 [145] 

Al7075 + 4 wt.% Si 98.9 [145,146] 

A356 (AlSi7Mg0.3) 99.8 [147] 

A357 (AlSi7Mg0.6) 99.5 [148] 

A360 (AlSi9.5Mg0.5) 99.8 [146] 

AlSi10Mg 99.5 ~ 100 [36,64,73,115,120,122,131,137,149-153] 

AlSi25 ~ 100 [120] 

AlMg3 ~ 100 [120] 

AlSi9Cu3 99.5 [137] 

Al-3.5Cu-1.5Mg-1Si > 98 [154] 

AlMgScZr (Scalmalloy) >99 ~ 100 [100,116,137] 

AlSi10Mg reinforced with 
5 wt.% TiC 99.5 [155] 

AlSi10Mg reinforced with 
1 wt.% TiB2 

99.2 [152] 

AlSi10Mg reinforced with 
10 wt.% TiB2 

98 [152] 

AlSi10Mg reinforced with 
0.5 wt.% MgAl2O4 

99.3 [152] 

*common relates to consistent results found in multiple publications
~indicates an idealized statement, since a manufacturing process always inhabits fluctuations 
Dedicated studies and reviews to AM of Al-based raw materials can be found elsewhere [24,120]. 
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Table 1-2: Achievable relative densities for Fe-based raw materials 

Type | Alloy 
Relative density in [%] 

References 
common* max. 

pure Fe 97.5 99.0 [156,157] 

1.4307; 304L 92 ~ 100 [158,159] 

1.4404; 316L 99.0 99.97 
[45,87,101,157,160-164] 

dedicated study to this topic [121] 

1.4539; 904L  99 [165] 

1.2709; 18Ni Marage 300; hot work 
steel; EOS MS1 > 99 99.99 [51,146,166-169] 

1.2343; H11 (tool steel)  ~ 100 [45] 

1.2344; H13 (tool steel) > 99 99.99 [119,170,171] 

H20 (tool steel); EOS DirectSteel > 97.5 99.5 [172,173] 

1.2764 (case-hardening steel)  > 99 [50] 

X110CrMoVAl 8-2 (cold work steel)  ~ 100 [174] 

1.4542; 17-4PH (age-hardenable 
stainless steel) ~ 99 > 99.9 [56,175-177] 

M2 HSS > 90 99.8 [118,146,178] 

Fe-28 at.% Al  99.5 [179] 

Fe-35 wt.% Al (intermetallic)  98 [180] 

Fe-0.8 wt.% C  93 [181] 

Fe-2 wt.% C  92.0 [182] 

Fe-30Ni  98.0 [183] 

Fe-12Ni-4Cr  99.5 [183] 

Fe-29Ni-8Cu-P  97.5 [184] 

Fe85Cr4Mo8V2C1 (tool steel)  > 99.6 [185] 

Fe-6.9 wt.% Si  99.7 [186] 

Fe68.3C6.9Si2.5B6.7P8.7Cr2.3Mo2.5Al2.1 
(metallic glass)  99.7 [187] 

*common relates to consistent results found in multiple publications 
~indicates an idealized statement, since a manufacturing process always inhabits fluctuations 
A dedicated study on iron based raw materials can be found elsewhere [188]. 
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Table 1-3: Achievable relative densities for Ti-based raw materials 

Alloy 
Relative density in [%] 

References 
common* max. 

pure Ti > 99 99.5 
[189-191] 

dedicated study to this topic [192] 

Ti6Al4V > 99 99.98 
[45,61,76,103,104,169,193-196] 

dedicated studies to this topic [192,197] 

Ti6Al7Nb  99.95 [198] 

Ti45Al2Cr5Nb  92.25 [199] 

Ti24Nb4Zr8Sn  > 99 [200] 

Ti45Nb  99.5 [201] 

Ti-5553  99.95 [10] 

Ti-50 wt.% Ta  99.7 [202] 

Ti-0.5..1.5 at.% Re  > 99.3 [203] 

Ti reinforced with 15 wt.% TiC  98 [204] 

*common relates to consistent results found in multiple publications 

Table 1-4: Achievable relative densities for Co-based raw materials 

Alloy 
Relative density in [%] 

References 
common* max. 

CoCrMo (63-30-5) > 99 99.9 [63,103,169] 
dedicated study to this topic [197] 

CoCrMo (60-32-8)  99.1 [138] 

Co212-F 
CoCrMo (Bal-28.5-6)  > 99 [163] 

Wirobond C+ (dental) 
CoCrMoW (61.5-26-6-5)  > 99.5 [205] 

MoguCera C (dental) 
CoCrMoMn (65-28-5-1)  > 99.7 [110] 

dedicated study to this topic see Chapter 5.1 

EOS high carbon CoCr MP1 
(~ 64Co-25Cr-5Mo-5W)  > 99.9 [51] 

*common relates to consistent results found in multiple publications 
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Table 1-5: Achievable relative densities for Ni-based raw materials 

Type | Alloy 
Relative density in [%] 

References 
common* max. 

NiCrFeMo (Hastelloy X) 99.5 99.96 [105,206] 

NiCrMoFe (Inconel 625) > 99 [207] 

NiFeCrNbMo (Inconel 718) > 99.5 99.83 [51,208] 

NiCrCoAlTi (Inconel 738-LC) > 99.5 [117] 

Ni-43 wt.% Ti (intermetallic) 97.7 [209] 

NiCrCoMo (Nimonic 263) > 99.7 [210] 

NiCoCrMoFe (Waspaloy) 99.7 [211] 

*common relates to consistent results found in multiple publications

Similar to the relative density, the surface hardness correlates with the material strength, such 

as tensile strength, and does not require a complete destruction of the sample or component. 

For conventional bulk materials this conversion is well known, e.g. the German standard for 

conversion of hardness values to ultimate tensile strength for steel DIN 50150:1976-12. In 

terms of AM fabricated goods, this precise correlation is not yet available, which is partially 

attributed to the varying irradiation parameters of the core and contour, leading to possible 

deviations between core and surface properties. A recent study (see Chapter 3.1) indicated 

that the hardness values of the core and contour are, for most cases, fairly similar, thus 

resolving the aforementioned doubt to a great extent [91]. In addition, it was documented that 

inhomogeneities along samples, e.g. different stages of precipitation hardening, can be 

detected via hardness measurements. This is attributed to the fact that the precipitation 

hardening deviations are location, but not direction dependent. On a side note, the occurrence 

of age hardening within the process depends on the preheating temperature during the 

manufacturing process and the raw material [140,212]. On the other hand, drawing 

conclusions on the inherent anisotropic material properties from the surface hardness is far 

more complex and, to date, only tendencies can be shown. It appears that there is a strong 

correlation between the surface hardness and the Young’s modulus (Figure 1-7a). However, 

the surface hardness and the yield or ultimate tensile strength values reveal largely fluctuating 

results, indicating that the conversion from the surface hardness to the tensile strengths, 

which is well established for conventional bulk material, cannot be done, yet, for AM 

fabricated goods (Figure 1-7b). The latter was also shown on the example of 1.2344 tool 
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steel; an optimized PT led to a drastic increase in the ultimate tensile strength, while the 

surface hardness decreased [119]. 

Figure 1-7: Correlation of tensile properties with the surface hardness (machined samples) on 
the example of AlSi10Mg; (a) Young's modulus; (b) yield and ultimate tensile stress; see full 
study in Chapter 3.1 [91] 

An overview of common surface hardness values is provided for various materials under the 

restriction of full melting and a minimum relative density of greater than 99%4 in Table 1-6 

to Table 1-15. Given the anisotropic and inhomogeneous nature, coupled with the 

dependencies on the manufacturing parameters, the surface hardness values are, where 

applicable, expressed as an averaged range [95,213]. To emphasize the underlying 

inhomogeneous nature, the hardness values even differ in the nanoscale between the scan 

track centre to its boundaries and also get altered due to secondary heat influences throughout 

the process [95,115,150,214]. In addition to the as-built condition, several post-heat-treated 

conditions are considered as well. In general, there is a strong correlation between the surface 

hardness and the inherent relative density; a higher relative density yields higher hardness 

values [102,166]. However, there are also instances reported were this relation does not hold 

true, higher scanning speeds for example can yield to higher cooling rates, but increased 

porosity at the same time, and still result in an increase in hardness [166,215]. 

On the example of AlSi10Mg it was reported that reactions to post-heat treatments are 

dissimilar, a T6 heat treatment results in an increased hardness of casted structures, but in a 

decrease of hardness in the case of the initially very fine microstructure of additively 

manufactured structures [151]. It was emphasized that heat treatments can lead to a 

heterogeneous distribution of Si agglomerations, whereby a higher concentration was found 

4 In the aeronautics industry the part quality has to be greater as 99% relative density [195]. 

(a) (b) 
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in the cellular boundaries, such as the hatch overlaps (see Figure 1-3), however, a post age 

hardening treatment was found to remove the process induced inhomogeneities to a great 

extent [91,216]. On a side note, a detailed documentation of the hardness development during 

heat treatments of titanium based raw materials can be found here elsewhere [195]. 

Table 1-6: Overview of averaged hardness, including micro- and macro-hardness, for Al-
based raw materials; all results refer to reasonable relative densities greater than 99% in the 
non-heat treated condition 

Alloy 
Surface hardness 

Comment 
References 

HV HRB HBW Main | Support 

AlMgSi0.5 30-50  50-70 
40-60 

NP 
PT = 400°C [120] 

A357 113-123   PT = 100°C-190°C [130] 

AlSi10Mg 

99-110   LP = 100 W; SS = 0.5 mm/s [217] 

117 66 104 LP = 200 W; SS = 200 mm/s [149] 

130-170; 
60-80  160-170; 

90-110 PT = NP, 400°C [120] | [137,218] 

  101-131 LP = 350 W; SS = 930 mm/s; 
PT = 200°C [91] | [219] 

145   LP = 500-900 W; SS > 500 mm/s [122] 

100-120   LP = 960 W; PT = NP, 220°C [95] 

127   remelting of every single layer [139] 

AlSi10Mg 
+5 wt% 

TiC 
178   TiC nanoparticle reinforced [155] 

AlSi12 95  105  [220,221] 

AlSi25 140-160  180-200 NP [120] 

AlSi9Cu3 

155; 
87   LP = 240 W; SS = 400 mm/s; 

PT = NP, 300°C 
[95] | [137] 

115; 
102   LP = 960 W; SS = 2200 mm/s; 

PT = NP, 220°C 

AlMg3 60-90 
50-70  80-90 

70-80 
NP 

PT of 400°C [120] 

AlMgScZr 80-110   ScalmalloyRP0.66-4.5, 
ScalmalloyRP0.8-4.36 [137] | [222] 
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Table 1-7: Overview of averaged hardness, including micro- and macro-hardness, for Al-
based raw materials; all results refer to reasonable relative densities greater than 99% in the 
heat treated condition 

Alloy Heat treatment 
Surface hardness 

Comment References 
HV HBW 

A357 AG [3 h, 170°C] 137  PT of 100°C [130] 

AlSi10Mg 

AN 46  5 h, 530°C, FC 

[44] T4 89  AN, WQ, AG (> 2 weeks at RT) 

T6 119  AN, WQ, AG (12 h, 160°C) 

T6 79  SA (1 h, 520°C) + WQ + AG 
(6 h, 160°C) [151] 

T6 [AN 
(6 h, 525°C) 
+ WQ + AG 
(7h, 165°C)] 

115; 
118; 
120; 

 

LP = 240 W; SS = 400 mm/s; 
PT = NP, 300°C; 

LP = 960 W; SS = 2200 mm/s; 
PT = 220°C 

[95,137] 

AG  110-114 18 h at 170°C 

[91] AN  69-74 8 h at 530°C + WQ 

AN + WQ + AG  91-93 8 h at 530°C + WQ + 18 h  
at 170°C 

AlSi9Cu3 T6 90  
AN (6 h, 525°C) + WQ + AG 
(7 h at 165°C); similar result 

independent of PT (RT and 300°C) 
[95,137] 

AlMgScZr 
AG [4 h, 325°C] 177  ScalmalloyRP0.66-4.5 [222] 

AG [4 h, 300°C] 160  ScalmalloyRP0.8-4.36 [137] 
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Table 1-8: Overview of averaged hardness, including micro- and macro-hardness, for Fe-
based raw materials; all results refer to reasonable relative densities greater than 99% in the 
non-heat treated condition 

Alloy 
Surface hardness 

Comment 
References 

HV HRC HBW Main | Support 

1.4404 220-
250   

reported values are generally 
higher as the hardness stated by 
the supplier (209 HV) [223] 

[45] | [102,157,161] 

1.2709 363 30-40   [51,166,167] | [169] 

1.2343  50-54   [45] 

1.2344 706-
894   PT = NP-400°C [119] 

H20  34 319  [173] 

X110CrMoVAl 8-2 493    [174] 

M2 HSS 
 64; 57  remelting; single irradiation [118,146] 

650-
900    [178,224] 

Fe-12Ni-4Cr 450  320-
420  [183,225] 

Fe85Cr4Mo8V2C1 883-
900   VED = 89; 130 J/mm3 [185] 

Table 1-9: Overview of averaged hardness, including micro- and macro-hardness, for Fe-
based raw materials; all results refer to reasonable relative densities greater than 99% in the 
heat treated condition 

Alloy Heat 
treatment 

Surface hardness 
Comment References 

HV HRC 

1.2709 AG  58 5 h, 480°C [167] 

1.2764 | M130 

AG + FC + 3x 
AN  48 AG [40 min, 800°C] + FC + 

3x AN [2 h, 200°C] 

[50] AG + FC + 3x 
AN  46.5 AN [2 h, 200°C/220°C/250°C] 

AG + FC + 3x 
AN  44 AN [2 h, 250°C/250°C/350°C] 

X110CrMoVAl 8-2 SR + AUS + 
WQ + 3x TP 765  

SR (3 h, 480°C) + AUS 
(1080°C) 

+ TP (2 h, 535°C) 
[174] 

Fe-12Ni-4Cr HIP 475-500  100 MPa, 2 h, 1050°C [225] 
  



Page 25 

Table 1-10: Overview of averaged hardness, including micro- and macro-hardness, for Ti-
based raw materials; all results refer to reasonable relative densities greater than 99% in the 
non-heat treated condition 

Alloy Surface hardness 
[HV] Comment 

References 

Main | Support 

pure Ti 213-218 inert gas atmospheres and vacuum [191,202] 

Ti6Al4V 
380-464 includes various orientations [45,202,226] | 

[103,104] 

354 PT of 500°C [195] 

Ti6Al7Nb 357-464 various orientations [198] 

Ti24Nb4Zr8Sn 220 [200] 

Ti45Nb 200-210 [201] 

Ti50Ta 283-285 [202] 

Ti-0.5 at.% Re 238-269 
SS varied, slow SS led to higher dissolution of 

the added rhenium [203] Ti-1.0 at.% Re 272-329 

Ti-1.5 at.% Re 348-386 

Table 1-11: Overview of averaged hardness, including micro- and macro-hardness, for Ti-
based raw materials; all results refer to reasonable relative densities greater than 99% in the 
heat treated condition 

Alloy Heat treatment 
Surface 

hardness 
[HV] 

Comment References 

Ti6Al4V 

AN + FC 400 4 h, 800°C 

[226] 

AN + WQ 396 840°C + WQ 

AN + WQ + TP 409 840°C + WQ + 4 h, 600°C 

AN + WQ 372 960°C + WQ 

AN + WQ + TP 384 960°C + WQ + 4 h, 600°C 

AN + AC 344 2 h, 730°C; fabricated at PT = 500°C [195] 
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Table 1-12: Overview of averaged hardness, including micro- and macro-hardness, for Co-
based raw materials; all results refer to reasonable relative densities greater than 99% in the 
non-heat treated condition 

Alloy 
Surface hardness 

Comment References 
HV HRC 

CoCrMo (63-30-5) 371 [227] 

CoCrMo (60-32-8) 422 43.1 [228] 

CoCrMoMn (65-28-5-1) 354-391 LP and SS varied [110] 

EOS high carbon CoCr MP1 410 [51] 

CoCrW (60.5-28-9) 564-570 line and island scanning [229] 

Table 1-13: Overview of averaged hardness, including micro- and macro-hardness, for Co-
based raw materials; all results refer to reasonable relative densities greater than 99% in the 
heat treated condition 

Alloy Heat treatment 
Surface 

hardness 
[HV] 

Comment References 

EOS high carbon 
CoCr MP1 

(~ 64Co-25Cr-
5Mo-5W) 

AN [2 h, 650°C] + FC 453 nitrogen atmosphere 

[51] 
AN [2 h, 850°C] + FC 

500-510 

nitrogen atmosphere 

in air 

AN [2 h, 1000°C] + FC 
nitrogen atmosphere 

420 in vacuum 

Table 1-14: Overview of averaged hardness, including micro- and macro-hardness, for Ni-
based raw materials; all results refer to reasonable relative densities greater than 99% in the 
non-heat treated condition 

Alloy Surface hardness [HV] Comment References 

Inconel 718 319-365 [51,208] 

Nimonic 263 300 LP = 200 W; PT = 250°C [210] 
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Table 1-15: Overview of averaged hardness, including micro- and macro-hardness, for Ni-
based raw materials; all results refer to reasonable relative densities greater than 99% in the 
heat treated condition 

Alloy Heat treatment 
Surface 

hardness 
[HV] 

Comment 
References 

Main | Support 

Inconel 718 SA + AC + 2x 
AG + AC 470 1 h, 980°C + AC + 8 h, 720°C 

 + FC+ 8 h, 620°C + AC [208] | [51] 

Nimonic 263 

AN + WQ + AG 
+ AC 330 2 h, 1150°C + WQ + 8 h, 800°C 

+ AC 

[210] AN 300 8 h, 400-600°C 

AN 370 8 h, 700°C 

AN 230 8 h, 1000°C 

 
Evaluating the quality of a fabricated component via its relative density is possible to a 

certain extent, yet, for the detailed characterization of the mechanical properties destructive 

material tests are inevitable. The documented results on the inherent anisotropy, examined via 

tensile tests, not only differ in relation to the hardness measurements, they also greatly differ 

amongst themselves when comparing similar studies. On the example of the directional 

dependencies, also known as predominant directions, these inconsistencies are briefly 

allegorized to emphasise these case dependent findings. Given that tensile samples are solely 

loaded along their longitudinal direction, the consideration of the alignment of their 

longitudinal axis in the build space is sufficient for a thorough description. The common 

simplification of the directional dependencies is that the highest tensile strength, as well as 

ductility, occurs in a parallel layer to applied load scenario (Φ = 0°) [71,95,162]. Opposed to 

this, the lowest results are represented by the perpendicular layer to loading scenario (Φ = 

90°). One of the major arguments for this particular formulation is based on the increasing 

likelihood of the occurrence of irregularities and voids with an increasing number of layers 

[1,75,139,189]. However, this not necessarily equals an increased porosity level, but it has 

been shown that the interconnections between single laser tracks and layers are 

predominantly altering the anisotropic characteristics [61,230,231]. With respect to the 

highlighted exceptions in Table 1-16, it can be concluded that the common formulation is not 

generally applicable and has to be determined for the individual case.  
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Table 1-16: Overview about maxima and minima, see nomenclature depicted in Figure 1-6 

Material Significance Reference 

1.4404 
contrary to the common simplification; maxima for both the tensile strength 

and breaking elongation at Φ = 90°, minima for the strength at 
Φ = 0°; influence of the in-plane alignment (Θ) is negligible 

[127] 

AlSi12, 
Inconel 939 

contrary to the common simplification; maxima for both the tensile strength 
and breaking elongation at Φ = 90° [220,232] 

1.4404 minima for both the tensile strength and breaking elongation at Φ = 75° and 
their maxima at Φ = 15° [233] 

1.4404, 
Nimonic 263 maxima for the breaking elongation at Φ = 90° [71,210] 

1.4307 minima for the tensile strength at Φ = 45° [159] 

AlSi10Mg minima for the tensile strength at Φ = 45°, minima for the breaking 
elongation at Φ = 90°, maxima for both at Φ = 0° [91] 

1.4404 

Θ influences the breaking elongation of the Φ = 0° samples [162] 

Θ influences both, the tensile strength and breaking elongation; alteration is 
reasoned in the angle offset between the loading direction and the scan 

tracks 
[230] 

the importance of Θ depends on the chosen irradiation strategy, most 
dominantly it is influenced by the rotation increment between successive 

layers 
[1] 

AlMgScMnZr difference in tensile strength for Φ = 0°, 90° is less than 3.4%, 
thus negligible [116] 

Similarly volatile observations were made also for the in-plane alignment (Θ). In addition, it 

has been shown that the emphasis of the induced anisotropy varies upon the chosen raw 

material and that secondary influences on the mechanical strength have occurred based on the 

placement in the build environment, latter is related to the setup of the machine, such as the 

inert gas flow, the recoating principle and strategy [1,38,64,83,91,116,126]. Additionally to 

these given influences related to the material and manufacture, there are further volatilities. 

Delicate samples, e.g. structures comprised of thin struts, revealed overall a lower strength 

and ductility, even a lower Young’s modulus, compared to bulkier samples [71,125,234]. 

Almost stable properties were documented past a diameter size of 3-5 mm. Likewise to 

conventional bulk material, machined samples were found to show better mechanical 

properties, documented studies suggest an strength increase of 5-11% due to the removal of 

the surface, but also due to the removal of the increased pore density in the transition zone 

between the contour and core irradiation [1,64,120,127,150]. On a side note, the sub-surface 

porosity problematic is also found in electron beam melting (EBM) and die-cast [23,235]. 

The range of documented properties for various raw materials is given in Table 1-17 to Table 

1-25 in accordance to the nomenclature outlined in the DIN EN ISO 6892-1:2009-12 
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standard, in both the as-built and heat treated condition. One material independent peculiarity 

which stands out is the proximity between the yield and ultimate strength due to remarkably 

high yield points. In Table 1-26 the ratios of the most commonly used alloys are compared 

with their conventional bulk equivalent [159]. These as-built properties are adjustable at will 

via post HTs. However, it was revealed that AM microstructures react differently to HTs 

[232]. AlSi alloys show an inhomogeneous composition and grain size across each individual 

scan track and layer, leading to a heterogeneous distribution of Si-particles during the HT 

[115,216]. Thus, representing a local weak spot for the occurrence of brittle fractures along 

the Si-rich areas, namely the scan track overlaps and the wetting areas between layers (Figure 

1-2b) [236]. Yet, a post HT still increases the ductility of AlSi alloys and was found as a 

suitable option for an adjustment of their mechanical properties [237]. Unlike in cast AlSi 

alloys, conventional post HTs yielded in most cases to lower strength, higher ductility and 

higher fatigue life, unless the HT is restricted to pure precipitation hardening [130,145,150]. 

A subsequent aging was found to homogenize the microstructure by assimilating the various 

precipitation hardening stages, thus removing most of the location dependencies [91]. On the 

example of the age-hardenable 1.2709 a subsequent aging increased, besides the mechanical 

strength, also its Young’s modulus [167]. One exception to this was documented on the 

example of Inconel 939, were both aging and solution annealing led to an remarkable 

increase in strength, whilst lowering the ductility in comparison to the as-built state [232]. A 

further commonly named benefit of HTs is that the inherent anisotropy is lowered, or, in 

some cases, removed entirely [50,137]. Depending on the area of application it is worth 

mentioning that post HTs were found to increase the heat conductivity as well, by coarsening 

the ultra-fine microstructure and thus reducing the number of grain boundaries [115,143]. 

Furthermore, especially the HIP treatment was found to further enhance the bonding between 

layers by removing cracks [117]. 
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Table 1-17: Comparison of averaged tensile properties for Al-based raw materials; all results refer to samples in the non-heat treated 
condition 

Material 
Young’s 

modulus E 
[GPa] 

Poisson’s 
ratio ν [-] 

Yield strength 
RP0.2 [MPa] 

Ultimate tensile 
strength Rm [MPa] 

Elongation 
at failure At 

[%] 

Uniform 
elongation Ag 

[%] 
Comments 

References 

Main | Support 

pure Al   92-95 106-111 30.0-30.9  Φ = 0°, 90° [143] 

A356   200 400 12-17   [147] 

A357 

  232-280 396-426 5.1-10.1 5.1-9.8 Φ = 0°, 90°; 
PT = 35°C 

[148] 
  187-205 290-308 3.3-10.9 3.2-7.1 Φ = 0°, 90°; 

PT = 200°C 

  245-288 362-408 3.8-5.2  Φ = 0°; 
PT = 100°C-190°C [130] 

AlSi10Mg 

62.6-72.9 0.29-0.36 180-241 314-399 3.2-6.5  Φ = 0°-90°; 
PT = 200°C [91] | [44,139] 

  125-200 250-400 11-13  PT = NP, 400°C [120] 

  130-250 250-350  1.2-6.8 
LP = 240 W; 

PT = NP, 300°C 
Φ = 0°-90° 

[95] | [137] 

  127-230 250-436  4.0-8.0 
LP = 960 W; 

PT = NP, 220°C 
Φ = 0°, 90° 

[218] | [95,122] 

77±5  268±2 333±15 1.4±0.3  LP = 100 W; 
Φ = 0° [151] 

  227; 194 380; 194 8.2; 17.2  tested at RT; 200°C [149] 

AlSi12 
55-76  190-250 300-350 2-3  Φ = 0°, 90° [220] | [216] 

  224 368 4.8   [88] | [238] 

AlSi20   374 506 1.6   [239] 
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Table 1-17: continued 

Material 
Young’s 

modulus E 
[GPa] 

Poisson’s 
ratio ν [-] 

Yield strength 
RP0.2 [MPa] 

Ultimate tensile 
strength Rm [MPa] 

Elongation at 
failure At 

[%] 

Uniform 
elongation Ag 

[%] 
Comments 

References 

Main | Support 

AlSi9Cu3 

132-200 255-400 4.9-8.4 
LP = 240 W; 

PT = NP, 300°C; 
Φ = 0°, 90° 

[95] | [137] 

115-215 275-460 5.0-8.9 
LP = 960 W; 

PT = NP, 220°C; 
Φ = 0°, 90° 

[95] 

Al-3.5Cu-
1.5Mg-1Si 223 366 5.3 Φ = 90° [154] 

AlMgScMnZr 68.0-73.6 >277 >400 Φ = 0°, 90° [116] 

At and Ag are for most cases in very close proximity, since these Al alloys do not show necking before fracture. 
Dedicated publications to this topic can be found elsewhere [24,95,151,240,241]. 

Table 1-18: Comparison of averaged tensile properties for Al-based raw materials; all results refer to samples in the heat treated condition 

Material Heat treatment Yield strength 
RP0.2 [MPa] 

Ultimate tensile 
strength Rm [MPa] 

Elongation 
at failure At 

[%] 

Uniform 
elongation Ag 

[%] 
Comments 

References 

Main / Support 

pure Al AN [10 min, 450°C] 80-82 107-111 26.3-27.4 Φ = 0°, 90° [143] 

A356 
T5 [AG at 150-350°C] 125-240 200-400 12-30 [147] 

T6 200 270 7-13 [147] 

AlSi10Mg 
T4 72 113 12.6 [44] 

T5 [AG (4 h, 155-190°C)] 410-440 [50] 
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Table 1-18: continued 

Material Heat treatment Yield strength 
RP0.2 [MPa] 

Ultimate tensile 
strength Rm [MPa] 

Elongation at 
failure At [%] 

Uniform 
elongation 

Ag [%] 
Comments 

References 

Main / Support 

AlSi10Mg 

SR [2 h, 300°C] 178-191 274-284 11.8-15.3 5.7-6.2 Φ = 0°, 90° 
HD varied [236] 

T6 [AN (1 h, 525°C) + WQ 
+ AG (6 h, 160°C)] 239±2 292±4 3.9±0.5  Φ = 90° 

E = 73±4 GPa [151] 

T6 [AN (6 h, 525°C), WQ, 
AG (7 h, 165°C)] 285-305 330-355  2.2-6.6 PT = NP, 300°C [95] | [50,137] 

AlSi10Mg + 
1 wt.% TiB2 

SR [2 h, 300°C] 161±2 289±2 8.5±0.6  E = 74.6±2.6 GPa 

[152] AlSi10Mg + 
10 wt.% TiB2 

SR [2 h, 300°C] 188±5 318±10 8.5±1.8  E = 83.6±1.5 GPa 

AlSi10Mg + 
0.5 wt.% MgAl2O4 

SR [2 h, 300°C] 198±1 327±2 8.3±0.8  E = 73.1±1.7 GPa 

AlSi9Cu3 T6 153-162 282-303 12.7-13.7  PT = NP, 300°C; 
Φ = 0°, 90° [137] 

Al-3.5Cu-1.5Mg-
1Si T6 368 455 6.2  Φ = 90° [154] 

AlMgScZr 

AG [6 h, 325°C] 500-520 520-530 13.4-14.7  ScalmalloyRP0.6
6-4.5 [222] 

AG [6 h, 300°C] 370-450 410-485 13-20  
ScalmalloyRP0.8-

4.36 [137] AG [6 h, 300°C] + HIP [200 
MPa, 2 h, 1050°C] 480-490 500-505 12-13  

Dedicated publications to this topic can be found elsewhere [240,241]. 
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Table 1-19: Comparison of averaged tensile properties for Fe-based raw materials; all results refer to samples in the non-heat treated 
condition 

Material Young’s 
modulus E [GPa] 

Poisson’s 
ratio ν [-] 

Yield strength 
RP0.2 [MPa] 

Ultimate tensile 
strength Rm [MPa] 

Elongation at 
failure At [%] Comments 

References 

Main | Support 

pure Fe 205.6-215.8  246-305 354-412 > 9.5 Φ = 0° [156] 

1.4307   384-570 549-717 29.1-57.6 Φ = 0°-90° [159] 

1.4404 

179±3 0.3 366±50 436±60 9±2 LP = 50 W [163] | [45] 

  462 565 53.7 PT = 100°C; Φ = 90° [242] 

  528-678 569-691 25.0-44.4 Φ = 0°-90°; Θ = 0°-90° [161] | [71] 

  549-643 595-745 14-36 Φ = 0°-90°; Θ = 0°, 45° [162] 

  486-525 540-618 10.5-29.7 Φ = 0°-90°; Θ = 0°-90° [233] 

  355-652 458-764 9.2-49.8 Φ = 0, 90°; differing powder 
properties [101] | [243] 

151.5-194.8   501-595 10.8-11.3 PT = 50°C, 100°C [87] 

137.9-227.4  439-590 512-699 11.8-42.7 PT = 200°C; 
Φ = 0°-90°; Θ = 0°-90°  [129] 

1.4542 138.9-207.9  517-617 883-997 24.3-29.38 upper yield point is 40-50 
MPa higher [1,127] 

1.2343    780-840 2-3  [45] 

1.2344 

   1150-1650 1.5-2.25 Φ = 0°, 90° [244] 

188-194  835-1236 1620-1965 3.7-4.1 
PT = NP-400°C; 

(NP determined to result 
in 80-90°C) 

[119] 

1.2709 
   1085-1192 5-8  [166] | [168] 

163±4.5  1214±99 1290±144 13.3±1.9  [146,167] 

M2 HSS    1288 0.58  [118] 
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Table 1-19: continued 

Material 
Young’s 

modulus E 
[GPa] 

Poisson’s 
ratio ν [-] 

Yield strength 
RP0.2 [MPa] 

Ultimate tensile 
strength Rm [MPa] 

Elongation at 
failure At 

[%] 
Comments 

References 

Main | Support 

Fe-12Ni-4Cr    1100   [183] 

15-5 PH   1100-1297 1450-1467 12.5-14.9  [141] 

Table 1-20: Comparison of averaged tensile properties for Fe-based raw materials; all results refer to samples in the heat treated condition 

Material Heat treatment Yield strength 
RP0.2 [MPa] 

Ultimate tensile 
strength Rm [MPa] 

Elongation at 
failure At [%] Comments 

References 

Main | Support 

1.4404 
2 h, 650°C ~ 450 618 54.1 Φ = 90° [243] | [242] 

HIP [100 MPa, 4 h, 1050°C]  587 65.4 Φ = 90° [243] 

1.2709 AG [5 h, 480°C] 1998 ± 32 2217±73 1.6±0.26 E = 189±2.9 GPa [146,167] 

1.2764 
AG [40 min, 800°C] + FC + 

3x AN [2 h, 
250°C/250°C/350°C] 

1180 1350 16 Φ = 0°, 90°; no anisotropy after 
HT; Ag = 3% [50] 

15-5 PH 1 h, 482°C 1100 1470 15 Φ = 0° [245] 
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Table 1-21: Comparison of averaged tensile properties for Ti-based raw materials; all results refer to samples in the non-heat treated 
condition 

Material 
Young’s 

modulus E 
[GPa] 

Yield strength 
RP0.2 [MPa] 

Ultimate tensile 
strength Rm [MPa] 

Elongation at 
failure At [%] Comments 

References 

Main | Support 

pure Ti 91-101 518-533 617-654 5.1-17 Φ = 0°, 90°; Θ = 0°, 90° [246] | [202] 

Ti6Al4V 

 1029-1157 1208-1292 5.3-6.7 Φ = 0°, 90° [193] | [141] 

131.5 1039-1065 1166-1246 5.2-8.4  [61,202] 

102-107 962-1137 1166-1206 1.7-2 
Φ = 0°, 90°; 
PT = 500°C 

[195] 

110±5 990±5 1095±10 8.1±0.3  [196] 

 770-800 920-967 3.45-4.44 varying Φ ,Θ [194] 

 1052-1226 1183-1307 0.4-5.2 Φ = 0°-90° [189] | 
[104,243] 

  1200-1400 1-2  [45] 

Ti24Nb4Zr8Sn 53±1 563±38 665±18 13.8±4.1  [200] 

Ti6Al7Nb 88; 121 1360-1440 1480-1515; 776 1.4-3.0 Φ = 0°; 90° [198] 

Ti-5553   ~ 800 ~ 14 Φ = 90° [10] 

Ti50Ta 75.8 883 925 11.7 Φ = 0° [202] 

Ti-0.5 at.% Re 104-124 653-713 781-919 12.4-14.6 1.95 wt.% Re 

[203] Ti-1.0 at.% Re 94-97 770-855 906-998 6.4-10.2 3.85 wt.% Re 

Ti-1.5 at.% Re 98-103 905-1038 1095-1162 2.0-4.7 5.66 wt.% Re 

Dedicated publications to this topic, which also comprise metal powder deposition procedures, can be found elsewhere [247,248]. 
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Table 1-22: Comparison of averaged tensile properties for titanium based raw materials; all results refer to samples in the heat treated 
condition 

Material Heat treatment Yield strength 
RP0.2 [MPa] 

Ultimate tensile 
strength Rm [MPa] 

Elongation at 
failure At [%] Comments 

References 

Main | Support 

Ti6Al4V 

4 h, 650°C 1119-1162 1143-1197 4.3-9.7 Φ = 0°, 90° [193] 

2 h, 730°C + AC 900-965 1000-1046 1.9-7.5 Φ = 0°, 90°; PT = 500°C; 
E = 101-110 GPa [195] 

750°C  1062 3.7 Φ = 90° [249,250] 

2 h, 800°C  1229 8.0 Φ = 90° [243] 

2 h, 890°C 957-981 984-1012 2.6-8.0 Φ = 0°, 90° [193] 

30 min, 950°C 841-916 974-1047 8.0-11.5 Φ = 0°-90° [189] 

1 h, 950°C + WQ 925-944 1036-1040 7.5-8.5 Φ = 0°, 90°; PT = 500°C; 
E = 98-103 GPa 

[195] 
1 h, 1050°C + WQ 836-913 951-1019 7.9-8.9 Φ = 0°, 90°; PT = 500°C; 

E = 95-96.7 GPa 

2 h, 1050°C  986 13.8 Φ = 90° [243] | 
[249,250] 

HIP [100 MPa, 2 h, 920°C]  1089 13.8 
Φ = 90° [243] 

HIP [100 MPa, 2 h, 1050°C]  1007 13.5 

HIP 912 1005 8.3 Φ = 90° [249,250] 

HIP 924-1000 996-1076 12.7-15.6  [61] 

Ti-15Ta-1.5Zr 

0.5 h, 850°C + WQ 
(3 h, 600°C) + AC 

869.05 890.16 16.11 
E = 42.93 – 92.18 GPa; 

HT was found to remove polar 
angle dependencies 

[251] 
Ti-15Ta-5.5Zr 925.19 960.29 18.92 

Ti-15Ta-10.5Zr 768.61 805.32 15.12 

Ti-15Ta-15.5Zr 663.39 698.91 24.82 

Dedicated publications to this topic can be found elsewhere [192,247,249].  
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Table 1-23: Comparison of averaged tensile properties for Co-based raw materials; all results refer to samples in the non-heat treated 
condition 

Material 
Young’s 

modulus E 
[GPa] 

Yield strength 
RP0.2 [MPa] 

Ultimate tensile 
strength Rm [MPa] 

Elongation at 
failure At [%] Comments References 

CoCrMo 
(Bal-29-6)  516-562 889-912 4.5-10.7 Φ = 0°-90°; LP = 200 W [252] 

CoCrMo 
(Bal-28.5-6)  817±20 980±30 8±2 Co212-F; LP = 50 W [163,253] 

CoCrW 
(60.5-28-9)  825-850 1116-1158 9.8-10.0 line and island scanning strategy [229] 

CoCrWMo 
(63.9-25.3-5.5-5.2)  884±9 1308±11 10.2±0.4  [254] 

CoCrMoW 
(61.5-26-6-5)  485-691 996-1078 8.3-39 Wirobond C+; Φ = 90° [205] 

CoCrNiW 
(54.7-23.5-10-7) 193-228 948-1203   Mar-M509; Φ = 0°, 90°; 

Θ = 0°, 45° [231] 

A dedicated publication to this topic can be found elsewhere [205]. 

Table 1-24: Comparison of averaged tensile properties for Ni-based raw materials; all results refer to samples in the non-heat treated 
condition 

Material Young’s 
modulus E [GPa] 

Yield strength 
RP0.2 [MPa] 

Ultimate tensile 
strength Rm [MPa] 

Elongation at 
failure At [%] Comments 

References 

Main | Support 

Hastelloy X 
 641-739 723-885 26.4-37.7 Φ = 0°, 90° [1] | [105] 

 812-816; 
542-546 

923-937; 
753-759 

34-36; 
21-23 

Φ = 90°; location dependency found to 
be negligible; tested at RT; 750°C [255] 

Inconel 625 132-207 720-800 1030-1070 8-10 Φ = 0°, 90°; Θ = 0°-90° [207] 
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Table 1-24: continued 

Material Young’s 
modulus E [GPa] 

Yield strength 
RP0.2 [MPa] 

Ultimate tensile 
strength Rm [MPa] 

Elongation at 
failure At [%] Comments 

References 

Main | Support 

Inconel 718 204 889-907 1137-1148 19.2-25.9  [208] | [256] 

Inconel 738-LC 141-215 765-893   Φ = 0°, 90°; Θ = 0°-45° [231] 

Nimonic 263 163-191 653-818 860-1085 24-70 Φ = 0°, 90° [210] 

Table 1-25: Comparison of averaged tensile properties for nickel based raw materials; all results refer to samples in the heat treated 
condition 

Material Heat treatment Yield strength 
RP0.2 [MPa] 

Ultimate tensile 
strength Rm [MPa] 

Elongation at 
failure At [%] Comments References 

Hastelloy X HIP [100 MPa, 4 h, 1107°C] 
556-558 838-845 29-30 Φ = 90°; tested at RT 

[255] 
412-417 725-730 18-19 Φ = 90°; tested at 750°C 

Inconel 718 

SA [1 h, 980°C] + AC + 2x AG 
[8 h, 720°C/620°C] + AC 1102-1161 1280-1358 10-22 E = 201 GPa [208] 

AN [30min, 982°C] + HIP [100 
MPa, 4h, 1163°C] 850-930 1140-1200 27-30 Nitrogen and argon atmosphere [256] 

Inconel 738-LC HIP + AN [2 h, 1120°C] + AG 
[24 h, 850°C] 

786-933 1162-1184 8.4-11.2 Φ = 0°, 90°; tested at RT; 
E = 158-233 GPa 

[117] 
503-610 688-716 8.014.2 Φ = 0°, 90°; tested at 850°C; 

E = 110-157 GPa 

Nimonic 263 
AG [8 h, 300°C] + AC 697-834 910-1136 29-52 

Φ = 0°, 90°; 
E = 142-150 GPa 

[210] 
AN [2 h, 1150°C] + WQ + AG 

[8 h, 800°C] + AC 709-843 981-1268 29-53 
Φ = 0°, 90°; 

E = 199-206 GPa 
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Table 1-26: Ratio between the yield strength and the ultimate tensile strength; comparison of 
conventional bulk material to AM fabricated material; given ratios refer solely to the non-
heat treated condition 

Material Ratio RP0.2/Rm [-] bulk Estimated range for the ratio RP0.2/Rm [-] in SLM 

AlSi10Mg 0.52-0.53 [257] 0.55-0.80 

1.4404 0.35-0.37 [258,259] 0.80-0.98 

Ti6Al4V 0.76-0.91 [260,261] 0.85-0.94 

 
Opposed to the tensile characteristics, little is known about the compressive behaviour of AM 

fabricated components. Given that the layer versus loading direction and the connectivity 

between scan tracks and layers has an immense impact on the strength and inherent 

anisotropy, is to be anticipated that the reaction upon compressive loading differs from the 

tensile scenario [91,231]. To date, compression testing on AM material is mainly limited to 

lattice structures [9,262-264]. The few known cases of compressive testing on bulk material, 

i.e. non-porous samples with reasonable dimensions, are summarised in Table 1-27. 

However, not enough data is available at this point in time to draw conclusions about the 

peculiarities for compressive loading. Furthermore, this lack of data hinders the 

implementation of a comprehensive simulation approach, since even the linear elastic 

properties for compressive loading remain unknown [265]. At this point it should be 

mentioned that the examination of these is more challenging for the compressive scenario, 

since the probability of buckling prohibits the utilization of reasonable length to width (or 

diameter) ratios, resulting in a multiaxial stress state, rather than an uniaxial stress state which 

is required for a proper evaluation of the needed characteristics [140]. 
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Table 1-27: Overview of averaged compressive properties on solid samples 

Material Condition Compressive 
modulus [GPa] 

Compressive yield 
strength [MPa] 

Ultimate 
compressive 

strength [MPa] 
Comments References 

Al7075 + 4 wt.% Si 
no HT  279±10  round samples D = 6 mm; 

L = 12 mm; Φ = 90°; failure at  
~ 40% strain 

[145] 
AG [6 h, 150°C]  338±13  

AlSi10Mg 

no HT  260  round samples D = 20 mm; 
L = 60 mm [217] 

no HT 75.9-82.4 190-230 >530 prismatic samples 
10 x 10 x 50 mm3; Φ = 0°- 90° [266] 

no HT 51.6±0.4 317±2  714 MPa at 25% strain 
[151,153] T6 [SA 1 h, 520°C + 

WQ + AG 6 h, 160°C] 51±1 169±6  466 MPa at 25% strain 

Fe-28Al 168 h, 400°C  495  prismatic samples 10 x 5 x 5 mm3 [179] 

1.4404 no HT  372±15   [157] 

H20 no HT  752-823  D = 10 mm; L = 15 mm [172] 

Fe85Cr4Mo8V2C1 no HT   3649-3796 fracture strain = 14.2-14.7% [185] 

Ti6Al7Nb no HT   1942-2002 round samples D = 5 mm; 
L = 60 mm [198] 

Ti45Nb no HT ~ 100   D = 5 mm; L = 10 mm; 
723 MPa at 35% strain [201] 
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Another rarely investigated characteristic is the fracture toughness of additively manufactured 

components. An overview of the studies to date is provided in Table 1-28, whereby all 

studies focus on the mode 1 crack opening case [99,140]. Opposed to the strong correlation 

of the tensile characteristics, the fracture toughness appears to be almost stable (Figure 1-8a), 

unless the crack propagates between layers. For AlSi10Mg it was reported that for the latter, 

the fracture toughness decreases by 20-25% in comparison to a perpendicular or 45° 

constellation of the crack front to the layers [267]. A similar correlation was documented for 

Ti6Al4V, with the addition that the fracture toughness drastically increased and the 

directional dependencies vanished after a post HT (Figure 1-8b) [193]. In view of the 

documented results it can be concluded that there is a large scatter in the limited data and 

further testing has to be done to achieve the necessary confidence in these values, to utilize 

these for a safe dimensioning of components. 

Table 1-28: Overview of averaged fracture toughness properties, all results refer to mode 1 
crack opening 

Material Condition 
Fracture 
toughness 

KIC [𝐌𝐏𝐚√𝐦] 

Tentative 
fracture 

toughness 
KQ [𝐌𝐏𝐚√𝐦] 

Comments 
References 

Main | Support 

AlSi10Mg no HT 40.6-59.0  Φ = 0°-90°; 
Θ = 0°-90° [267] 

1.4542 no HT  80.3-94.7 verification failed; 
outside valid range [1,268] 

Ti6Al4V 

no HT 16-28  

Φ = 0°, 90°; 
Θ = 0°, 90° 

[193] | [269] 

SR [4 h, 
650°C] 28-31  

[193] 
AN [2 h, 
890°C] 41-49  

no HT 41.8-66.9  Φ = 0°, 90°; 
Θ = 0°, 90° [270] 

no HT 52.4±3.5  Φ = 90° [271] 

  



 Page 42 

 
Figure 1-8: Directional dependencies on the fracture toughness of (a) AlSi10Mg and (b) 
Ti6Al4V; adapted from [193,267,269-271] 

 
As it can be seen, there are various directional dependencies in place, which affect the 

mechanical properties of AM fabricated components. These can further be superimposed by 

location dependent variations. Further, the emphasis of anisotropy and inhomogeneities is 

case sensitive and fluctuates based on manufacturing settings and the raw material. A general 

formulation is provided in Table 1-29, which represents a brief overview of the underlying 

mechanisms and the main impacts and susceptibilities. 

 

(a) (b) 
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Table 1-29: Summary of the directional and location dependencies on the mechanical properties; see also Figure 1-6 

Dependency Influencing mechanisms Affected properties References 

Position in-plane (x,y) 

Highly machine dependent, the main causes are the angle 
offset of the laser irradiation (dominance depends on 
build space size), the weld splash distribution and the 
temperature field, as well as alterations of the powder-bed 
via the recoater 

Minor effects on the mechanical strength and 
ductility, induced inhomogeneities are 
negligible in most cases 

[64,83,91,126] 

Height (z) 

Susceptibility of the raw material to alterations caused by 
varying dwell times at the preheating temperature; 
variations in the thermal environment due to the transition 
from solid metal thermal environment to a powder-bed 
dominated environment 

Inhomogeneous microstructure and mechanical 
properties (hardness and strength) due to 
differing heat treatment stages and varying 
cooling rates; highly dependent on the material 
and the preheating settings 

[91,218,244] 

Azimuth angle (Θ) 
Scan strategy per layer (settings for the crayoning of the 
core) and the incremental rotation angle of the scan 
pattern of successive layers, bonding between scan tracks 

Mechanical strength and ductility, for most 
cases less emphasised as the polar angle 
dependency 

[1,63,129,230,233] 

Polar angle (Φ) 

Bonding between scan tracks and layers, increasing Φ 
from 0° to 45° changes the loading scenario in tensile 
samples from uniaxial normal stress parallel to the layers 
to max. shear stress in between layers; a further change 
from 45° to 90° alters the loading to a max. uniaxial 
normal stress acting perpendicular to the layers; grain 
growth in build direction, which is causing textures 

Major alterations of the mechanical strength, 
ductility and fracture toughness; (in special 
cases the influence can be negligible, but most 
cases show a strong directional dependency) 

[17,91,230,233,272] 
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AM was shown to be able to fabricate goods which are on par with conventional processed 

material regarding the mechanical properties. In numerous cases the fine microstructure, 

resulting from the laser fabrication and the related fast cooling rates, even exceeded the 

strength of the reference material. These noteworthy achievements, coupled with the process 

related geometrical flexibility, ensure a solid basis for widespread applications of AM 

techniques in the future. Yet, as always, there are also process related downsides and the most 

important ones amongst these are briefly addressed to provide a comprehensive overview 

about the nature of powder-bed-based fabrication techniques. 

1.12.1 Residual Stresses 

Arising residual stresses and related distortions are a well-known problem in build-up 

welding technologies. Considering that powder-bed based AM are based on the same 

principle, the encountered physical challenges remain similar. Additively manufactured 

components are a summation of single weld tracks, fabricated at a microscale and in a well-

maintained and controllable atmosphere (see Figure 1-2b and Figure 1-3). Thus, the 

development and the characteristics of residual stresses can be modified and controlled, to 

allow an almost defect-free fabrication of components [119,273-275]. The capability to 

influence their development and to alter the thermal environment is not equal to a guaranteed 

success and in numerous cases a successful fabrication has demanded several attempts and 

thorough optimizations [60,90,114,168]. A thorough review of this topic, however, is beyond 

the scope of this article. Detailed investigations about the residual stress problematic in AM 

can be found elsewhere [79,276-281]. 

1.12.2 Surface Quality 

Alterations of the surface quality were occasionally addressed along the way, since the 

surface quality is similarly volatile to the manufacturing conditions and the inclination angle 

(equivalent to the polar angle Φ) as the mechanical properties. In the case of the surface 

quality, the major influences differ based on the inclination angle; thus, the distinctions are 

drawn based on the orientation in the build space (Table 1-30). 
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Table 1-30: Summary of the directional and location dependencies of the surface quality, adapted from [64,126,272,282,283]; see details to 
the nomenclature depicted in Figure 1-6 

Dependency Influencing mechanisms Enhancement & Restrictions 

Inclination to the 
layers or to the 
substrate plate 
(polar angle Φ) 

Φ = 0° 
(upwards facing) 

Surface quality is governed by the final laser 
pattern and irradiation settings 

Edge effects occur due to differing heights of subsequent scan 
tracks, leading to an uneven surface 

Φ = 0°-30° Stair case effect (see Figure 1-2a), main influence 
is the LT 

Thin LT improves the surface quality, but requires fine raw 
powder; increases cost of the material and production time 

Φ = 30°-60° Superimposition of the stair case effect and 
adjoined powder particles 

Thin  LT and fine powder particles; increases production costs 
and time 

Φ = 60°-90° 
Surface morphology is mainly governed by the 
interaction with the loose powder-bed and the 
adjoined, partially molten, powder particles 

Fine powder particles enhance the surface quality, lower energy 
density decreases the tendency of adjoined particles; both 
increase the fabrication costs and time 

Φ = 90°-120° Surface morphology is mainly governed by the 
interaction with the loose powder 

Very similar to Φ = 60°-90° with a minor interaction with the 
loose powder-bed underneath, acting as support 

Φ = 120°-150° Stair case effect and occurring drainages into the 
loose supporting powder-bed  

Surfaces in this inclination range are usually fabricated without 
support, unless the support is crucial for the stabilization of the 
component. Enhancements are possible via thin LT and adjusted 
energy densities of the irradiation.  

Φ = 150°-180° Stair case and drainage effects are more 
emphasized as in the Φ = 120°-150° range 

In most cases support structures are attached. Without these, an 
acceptable surface quality and reasonable accuracy is only 
achievable with thin LT and optimized irradiation settings. Latter 
prevents the occurring drainage, but weakens the quality of the 
scan tracks and the bonding between scan tracks and layers. 

Φ = 180° 
(downwards facing) 

Surface morphology is driven by the interaction of 
the melt pool on top of the loose powder bed (no 
support) or via the connected support structure 

If a support structure is attached, their removal will govern the 
final surface appearance; in cases without support structure the 
surface is uneven due to drainage of the melt into the loose 
powder-bed 

Position in-plane 
(x,y) 

Minor effects on the surface quality of upwards orientated surfaces. Highly 
machine dependent; governed by the inert gas stream and the irradiation 
strategy, as well as the differing irradiation angle (more pronounced for large 
build spaces)  

Smoke and weld splashes interfere with  the laser irradiation; 
fallen out weld splashes leave a clear trace in direction of the 
inert gas stream 
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In general, the achievable surface quality is relatively poor in comparison to the state-of-the-

art in casting technologies, and thus requires for many applications a post-surface-treatment 

[64,284]. Yet, the praised geometrical flexibility in AM is prone to become restricted due to 

the necessity of a surface finish, more specific, due to the introduced limitations based on the 

selected treatment. Thus, it was emphasised that a surface treatment process is required, 

which offers a similar geometrical flexibility. In recent studies, the combination of AM 

fabrication with post-laser-polishing was suggested and its general feasibility was proven 

[285-287]. 

Considering the utilization in the medical sector, where most surfaces are either polished or 

bio-activated, the necessity of a post-surface treatment is inevitable [288,289]. It was shown 

that the surface finishing on AM fabricated implants does not influence its cytotoxicity and 

fabricated Ti6Al4V implants were proven to be safe for clinical use [289]. In the case of 

dental restorations, such as dental bridges and frameworks, the current state-of-the-art 

involves the polishing of milled or cast restorations by hand, since the requirements on the 

surface quality cannot be achieved in the forming process, e.g. in investment casting or via 

PBF. Thus, there is at the current state the necessity of a costly post-surface finishing 

independent from the chosen fabrication method. The geometrical complexity and delicate 

structure of dental restorations, such as bridges and frameworks, are very attractive for the 

fabrication via AM [290]. A recent investigation on CoCr stents came to the conclusion that 

the productivity of their fabrication is higher when fabricated via SLM as opposed to the 

conventional schemes, even though the surface finish has to be improved in a subsequent step 

[291]. 

In addition, the combination of CT-scanning with AM has been shown to be very promising 

for the fast and efficient supply of restorations, offering perfect compatibility of the implant 

due to customized design [292,293]. Considering implants, where the key criterions are to 

have a compatible contact between the implant and the human body, the possibilities AM 

offers have been proven to be beneficial and lower the likelihood of implant rejections 

[189,200,294-296]. Most importantly the fabrication of designed rough and porous surfaces, 

which promote bone ingrowth and increase the contact surface area, as well as the 

opportunity to design and adjust the stiffness to achieve the best possible compatibility 

between the implant and the human counterpart, should be highlighted [22,264,297,298]. One 
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example for this is a recent study on a custom designed hip implant with distinct surface 

features to enhance the osseointegration [293]. A recent design study on a femur showcased 

the future of bone replacements, whereby the implant’s stiffness varies based on the location, 

realized via adjusted internal lattice designs, coupled with an optimised surface pattern for 

bone-ingrowth [299]. The choice of the unit cell system, as well as the lattice parameters, 

impacts the ingrowth behaviour directly [300]. Since these lattice structures are very thin and 

delicate, the knowledge of the interactions of the laser beam, the corresponding melt pool and 

the resulting thickness of the single struts, become very important. The most crucial 

irradiation parameter was found to be the laser power, which directly impacts the porosity 

and dimensions of the lattice structure [301]. A promising post-treatment of Ti6Al4V lattices 

for the utilization as bone-substitutes was reported: comprising a HT to achieve a 

homogeneous and equilibrium microstructure; followed by a sandblasting to remove attached 

powder particles; and a two stage etching in hydrochloric acid and sodium hydroxide 

solution; leading to a rough, particle-free surface coated with a biomimetic hydroxyapatite 

layer [302]. Regarding the fatigue behaviour of additively manufactured Ti6Al4V lattice 

structures, the best fatigue properties were reported for a post-treatment consisting of HIP and 

chemical etching [303]. On a side note, the chemical etching was found to improve the 

fatigue behaviour on Ti6Al4V scaffolds, however, on CoCr scaffolds the etching does not 

alter the fatigue properties, but still successfully removes adhering particles [304]. 

Lately the focus shifted from the predominantly investigated Ti6Al4V alloy towards 

alternative titanium based alloys, such as TiTa or TiTaZr, which have an advantage regarding 

their Young’s modulus, which is much lower and thus, reduces stress-shielding effects 

[202,251]. Another aspect are temporary implants, fabricated with bio-degradable materials. 

Recent studies showcased their successful fabrication via AM, in particular pure magnesium 

and FeMnAg [305,306]. An overview about important investigations of the utilization of AM 

in the medical sector is provided in Table 1-31. 
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Table 1-31: Overview about significant studies and reports about AM in the medical sector 

Study or report Significance Reference 

Surface modification 
on open porous 

structures 

Removal of the attached powder particles and controllable surface 
roughness on highly porous strut structures [307] 

Pore geometry on open 
porous structures 

Growth of human periosteum-derived cells in dependency to the 
pore shape and size; optimization of the bone ingrowth behavior [298] 

Functionally graded 
bone implants 

Designed compressive characteristics of femoral stems with a 
porous core and a beaded surface morphology for cementless 

fixation 
[308] 

Functionally graded 
dental implants 

Implants with a gradient porosity from the inner core to the outer 
surface [18] 

Feasibility study on 
micro-actuators 

Micro actuators for cochlear implants; treatment for deaf people 
suffering from damages in the inner ear [309] 

Clinical study on the 
bone ingrowth 

behaviour 

Various bone implants were fabricated with SLM and EBM and 
implanted in goats and sheep [310,311] 

Clinical study on the 
survival rate of dental 

mini implants 

231 dental mini implants were placed in 62 patients, the survival 
rate after 4 years was 96.9% [312] 

Custom made dental 
root implant 

Congruent (root-analogue) implants for perfect fit, geometrical data 
acquired via CT scan and subsequent 3D reconstruction; faulty 

tooth directly replaced after removal 

[294,313, 
314] 

Custom made dental 
blade implant 

Non-conventional treatment; proven solution for patients which 
cannot be treated with regular root-form implants due to atrophied 

posterior mandible 
[315] 

Custom made sternum 
and rib cage 

Reconstruction of a partial rib-cage for a patient suffering from 
chest wall sarcoma [316] 

Custom made heel 
implant 

Reconstruction of the heel bone for a patient with cancer of the 
calcaneus [317] 

Custom made hip 
implant 

Production of a polymer prototype of the patients hip bone based 
on CT-data; designing and fabrication a polymer hip implant as 

intermediate step, fabrication of a Ti6Al4V hip implant based on 
the optimized geometry, implant was implanted into an patient and 

good results were reported 

[293] 

Artificial beak for a 
rare crane bird 

Reconstruction of the upper beak of a Grus japonensis bird, 
iterative optimizations undertaken by utilizing polymer printing; 

final design of the prosthetic beak fabricated with SLM and 
successfully installed in a surgery 

[318] 

Fabrication of 
cardiovascular stents 

via SLM 

SLM coupled with conventional electrochemical polishing was 
found as a suitable manufacturing approach, outperforming the 

conventional stent manufacturing scheme 
[291] 
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Table 1-31: continued 

Study or report Significance Reference 

Osseointegration in 
EBM fabricated mesh 

and foam scaffolds 

Study the osseointegration and seeding efficiency based on the 
scaffold design; trial study on a pelvic bone implant (custom-made 

periacetabular prothesis) for a tumour patient 
[319] 

Acetabular shells Fabrication of acetabular shells via SLM, showcasing the existing 
challenges in the fabrication, i.e. surface roughness, process 

interruptions, and support requirements 
[320] 

Endoprosthetic ankles SLM fabricated CoCrMo ankle joint implants were kinematically 
tested in cadaver specimens; custom-fitted articular surfaces were 

found to resemble the natural joint kinematic 
[321] 

There are numerous reviews and books available in the area of AM and this section is aimed 

to provide a quick overview about these and outline their significance in a brief manner 

(Table 1-32). 

Table 1-32: Related contributions in the area of AM, laser processing and bio-materials 

Covered aspects Reference 

Review about AM techniques and their economic aspects based on build rates, part 
complexity and quantities fabricated. [30] 

Comprehensive overview about available AM technologies, their particular process conduct; 
categorization of the areas of application for the specific technique [31] 

Comparative review, comparing SLM fabrication of metals with traditional fabrication 
methods [124] 

Detailed review about the mechanical properties and the process conduct of aluminium alloys 
fabricated with PBF; various fusing principles addressed, ranging from indirect SLS (with 
binding media) to full melting (SLM) 

[24] 

Review about the various AM techniques with the focus of providing selection guidelines to 
distinguish which process to choose for a given set of requirements [32] 

Review on the process control in laser-based PBF and the underlying physical principles [46] 

Review about the SLM process, the process conduct, the gain in interest in the technology 
over time, and achievable properties [25] 

Review about numerical modelling and simulation of PBF involving full melting of the raw 
material [322] 

Comparison of PBF techniques, with the focus on SLM and EBM and the available 
machinery; highlights the geometrical flexibility on documented studies and show-cases [323] 
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Table 1-32: continued 

Covered aspects Reference 

Review about achievable mechanical properties of metal fabricated with DED and PDF 
techniques [23] 

Review on PBF and DED, with the focus on binding mechanism, available raw materials and 
the resulting microstructure [26] 

Detailed review about the mechanical properties of aluminium alloys fabricated with DED 
and PBF techniques [324] 

Review/discussion of the utilization of the three main aluminium types (pure, casting, wrought 
chemistries) and their processing with PBF and DED techniques  [241] 

Detailed review about the mechanical properties of Ti6Al4V fabricated with DED and PBF 
techniques [247] 

Review about the SLM process conduct for pure Ti and Ti6Al4V, including expectable 
mechanical properties [192] 

Overview about emerging high performance materials, such as particle-reinforced composites, 
hard-metals and intermetallic phases,  processed with PBF [6] 

Review about SLS and SLM using pure ceramic powder without binding media [325] 

Comprehensive summary of laser processing technologies and the laser material interaction [53] 

Review about topology-optimization to achieve desired mechanical properties in porous metal 
structures and scaffolds; major focus are bone scaffolds and orthopaedic implants, utilising 
SLM and EBM with titanium alloys, biodegradable metals and shape-memory alloys (NiTi) 

[22] 

Review about titanium based dental implants fabricated with laser-based PBF [326] 

Review on the microstructure of SLM and EBM fabricated metals; covers also open-porous 
foam and mesh structures for utilization in implants [17] 

Review about the state-of-the-art in advanced micro-lattice materials, focussing on a broad 
selection of fabrication processes, including the PBF techniques SLM and EBM [327] 

Review about the state-of-the-art in the fabrication of 3D nanostructured bone tissue scaffolds [328] 

Review about the state-of-the-art in porous metals and metallic foams [329] 

Review about and the designing and fabrication of metallic implants via PBF; comparison to 
conventional fabrication [330] 

Review on tissue engineering utilizing PBF and 3D inkjet printing [13] 

Review about cellular scaffolds utilized for implants; topology, biocompatibility, in-vitro 
studies and the advantages and downsides of their fabrication via SLM or EBM [21] 

Review about the utilization and possibilities of AM for bone-tissue scaffolds, covers multiple 
categories, but focuses on PBF [331] 

General (not AM focused) review article on implant surface topographies on dental implants, 
with the focus on the available data of reported cases [332] 

General (not AM focused) review article on ceramic and metallic materials for the utilization 
in bearing surfaces in human joint replacements [333] 
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AM techniques combine the advantages of geometrical freedom in design with good 

mechanical properties. Based on the process related layer-wise fabrication in the powder-bed 

environment the components incorporate anisotropic characteristics, which are according to 

the manufacturing settings and raw material more or less emphasized. In addition, the 

anisotropy can be superimposed with inhomogeneities, arising from microstructural 

developments over varying dwell times at elevated temperatures in the build environment. 

These direction and location dependencies render the characterization of the material 

properties more challenging and complicate their thorough description, e.g. as it is required 

for finite element analysis. To illustrate these relations, the same component, fabricated with 

the identical machinery, can have varying mechanical properties, by simply modifying its 

alignment in the build space during manufacture. Thus, it is of utmost importance to consider 

the manufacturing conditions and their impact on the resulting properties in the design and 

dimensioning process. Extensive investigations have been undertaken to utilize the potential 

of AM in the medical sector and the reported results, as well as the numerous trail studies, are 

very positive. AM appears to become the future for the fabrication of highly optimized and 

customized implants with a greatly enhanced compatibility with the human body. 
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Chapter 2. 

Surface Morphologies, Location Dependent 

Fluctuations and Non-Destructive 

Investigations 

This chapter largely focusses on the undertaken investigations regarding the surface 

roughness of selective laser melted aluminium-silicon and stainless steel. The main focus was 

the volatility based on the inclination angle of a surface relative to the build plane (or layers), 

and the position dependent fluctuations in the surface roughness reasoned in the machine 

setup. Furthermore, it was attempted to obtain the linear elastic material properties of the 

material, which in the case of selective laser melted materials are known to be anisotropic, 

via non-destructive procedures. 

These different aspects were addressed in three published papers which are sequentially 

progressed in regard to the depth and detail of the investigation. 
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Influence of Manufacturing Conditions 
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Florian Mack c, Andreas Öchsner a 

a Griffith School of Engineering and Built Environment, Griffith University, Parklands 
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Abstract 

Before utilising selective laser melting in real applications, the process as well as the outcome 

component and its characteristics need to be fully understood. Based on the layer-wise 

fabrication, with its distinctive orientations in translations and thermal influences within this 

additive manufacturing process, the obtained material properties and the microstructure are 

anticipated to be anisotropic. The selective laser melting process involves: the laser 

movement pattern in plane and rotation between single layers; recoater movement; substrate 

plate heating and movement; laser irradiation from the top; and inert gas flow. In order to 

gain insight into the process and its related characteristics, different sets of prismatic 

specimens in terms of orientation and inclination were produced and evaluated. The 

evaluation contained surface quality investigations with two independent measurement 

approaches, i.e. tactile and optical, density measurements based on the Archimedes principle 

and micro-section evaluation. Furthermore, ultrasonic analyses were conducted to study the 

Reprinted with permission from John Wiley & Sons - License No. 4396511021644
This is the accepted version of the following article: L. Hitzler, C. Janousch, J. Schanz, M. Merkel, F. Mack, A. Öchsner, Mat.-wiss. u. 
Werkstofftech. 2016, 47, 564-581; which has been published in final form at [http://dx.doi.org/10.1002/mawe.201600532]. This article may be 
used for noncommercial purposes in accordance with the Wiley SelfArchiving Policy [olabout.wiley.com/WileyCDA/Section/
id-820227.html]
The manuscript has been reformatted to meet the criteria of a dissertation under the Griffith University guidelines.
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feasibility of determining the mechanical properties, i.e. Young’s modulus and Poisson’s 

ratio, in accordance with the recorded longitudinal and transversal sonic velocities. 

The chosen raw material for these investigations was AlSi10Mg and the fabricated parts 

exhibited a high relative density of at least 99.5%. Remarkable deviations were evident in the 

obtained surface quality and clear trends could be determined based on the inclination and 

orientation condition of the sample during manufacturing. In regard to the ultrasonic 

investigation, it was found that the reported inherent anisotropy of selective laser melted 

samples could not be detected with the non-destructive ultrasonic investigation, and 

destructive procedures, to date, represent the only reliable method to accurately reveal the 

material characteristics. 

2.1.1 Introduction 

The selective laser melting (SLM) process belongs to the layer-wise additive manufacturing 

(AM) technologies and is similar to the older selective laser sintering (SLS) process 

regarding machines and equipment. The major distinction between these two techniques is 

the higher energy density applied in the SLM process, leading to full melting of the utilised 

raw powder, whereas in SLS only a weak connection between the powder particles is 

achieved, requiring further treatment to increase the overall density [1,2]. One common 

approach to gain the necessary geometrical information for AM production is to convert the 

CAD-data of the part to be manufactured into a sliced model with equally thick sections. 

Hereby, the thickness of the slices is directly related to the powder layer thickness during the 

manufacturing process, and following this, the cross-sections of the slices are obtained and 

applied as the description of the area to be consolidated by the moving laser beam. During the 

manufacturing process, the part is produced in a stepwise manner by exposing successive 

powder layers selectively with a laser beam as a driving force for local solidification of the 

powder layer. After finishing the exposure of one single layer, the substrate plate is lowered 

and a new powder layer is added on top by an inbuilt recoater system. Performing these steps 

multiple times generates the entire part as a summation of the individual layers [3-5]. This 

layer-wise fabrication overcomes limitations present in other conventional manufacturing 

techniques, like the accessibility required for milling or the limitations given by the mould in 

terms of casting [6-8]. These enlarged opportunities, given by the layer-wise manufacturing 

methods, represent an impressive outlook for further improvements, especially in the health 

sector [9-11]. However, there are a large number of influencing factors in SLM and 
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distinctive environmental conditions based on the actual position in the build space. These 

include: the change from a bulk material dominant thermal environment for low build height 

towards a powder-bed dominant thermal environment with increasing build height [12-14]; 

distinct energy input and density caused by the moving laser beam irradiating from the top of 

the chamber, with its clear directions in plane and subsequent irradiation order of individual 

components [15-17]; influence of the preconditioning effect of the heated substrate plate and 

its decreasing effect with increasing build height combined with the different dwell times of 

the previously solidified material in the heated manufacturing environment [18-20]; the 

influence of the metal cave surrounding of the build chamber on the outwards positioned 

component, which is not preheated upfront and rises in temperature throughout the process 

and gain of build height; the influence of the inert gas mass flow and its impact on cooling 

rate and the transport of weld smoke and splashes [21,22]; characteristic interactions 

dependent on orientation and inclination, like the staircase effect [23-25] for inclined surfaces 

in regard to the substrate plate, the interaction between the first welding track along a full 

powder-bed and the accumulation tendencies leading to a higher first welding track in 

comparison to all subsequent ones [1,26,27], often referred to as the edge effect in case the 

contour is irradiated first; the distinct surface appearance of side faces (90° angle to the 

substrate plate) caused by the interaction between the loose powder-bed and the hot 

neighbouring solid face [28]; and the drainage of the melt pool into the loose powder-bed 

beneath if no support structure is present [17,29]. These inherent SLM factors and distinctive 

environmental conditions cause large deviations of the component related properties, which 

can be categorised as mechanical, chemical, microstructural and geometrical properties. As a 

consequence of the volatility of the SLM process to the inherent numerous influencing 

effects, it is necessary to study their individual impact in order to predict the process outcome 

and improve its reliability. Once the predictability of the component properties is given, 

which is one of the major causes, in addition to the relatively long production times, 

hindering the process to be widely used, the success of the SLM technique in a broad area of 

applications is anticipated. Therefore, many adjustments were undertaken to optimise the 

SLM process and the commonly utilised quality criteria for these optimisations was obtaining 

full dense parts [30-32]. In general it could be concluded that the relative density is widely 

accepted as the most reasonable quality indicator. The reasons are: first, this value can be 

easily extracted from microstructure investigations (micro-sections) or obtained with the 

Archimedes principle; second, the mechanical performance is directly related to the 

component density, as the lower the relative density, the higher the amount of imperfections 
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and porosity. Both represent, in regard to mechanical loading, a possible crack initiation 

point, hence lowering the material strength [33] and in particular, defects on the surface act in 

terms of bending loads as a critical failure point. Thus, when mechanical properties in terms 

of SLM fabricated specimen are discussed, the relative density and surface condition need to 

be taken into account. Furthermore, the unique properties of each individual raw material 

may lead to further challenges in the process control. In particular, aluminium based raw 

materials are known to comprise the particular properties of quick creation of a protective 

oxide layer combined with a high reflectivity and heat conductivity [32,34,35]. 

Within this study, the described quality criteria, i.e. the relative density and surface quality, 

were investigated on prismatic shaped AlSi10Mg samples, covering an enlarged range of 

global positions and inclinations. Based on these different configurations, several occurring 

effects within the SLM process were revealed and their distinct effects on the surface 

morphology described. In addition, the combination of circumstances, i.e. the irradiation 

sequence coupled with the unidirectional inert gas flow, and their effects on the homogeneity 

of the layer consolidated, were investigated. Furthermore, the feasibility of ultrasonic 

investigations for obtaining the mechanical material parameters was studied. 

2.1.2 Methodology 

According to the aforementioned criteria, the research scheme, given in Table 2-1, resulted. 

Within this study, a SLM 280HL machine (SLM Solutions GmbH, Lübeck, Germany) 

equipped with a 400 W Yb-fibre-laser and an available build space of 280 x 280 x 320 mm³ 

was utilised. Nitrogen was employed as the inert gas. 

Table 2-1: Research scheme; input parameters and evaluation criteria 

Input Evaluation 
method Category Parameter 

Powder Restricted to AlSi10Mg Surface roughness and morphology 

Positioning 
Inclination to substrate plate and recoater path 

Micro-section analysis 

Density 

Positioning on substrate plate Ultrasonic investigation 

2.1.2.1 Manufacturing Conditions 

The raw AlSi10Mg powder was supplied by SLM Solutions and its properties in terms of 

particle size, shape and distribution, were analysed with scanning electron microscopy (SEM) 
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(Sigma 300 VP, Carl Zeiss Microscopy GmbH, Jena, Germany) (see Figure 2-1). It was 

found to be mainly spherically shaped with an average diameter of 37 μm. The overall 

distribution, with weighting according to occupied area and number of appearances, is 

depicted in Figure 2-2. The chosen parameter sets in the SLM process are given in Table 2-2 

and the major difference is represented in the applied energy density, which almost doubled 

in the case of the contour scanning. These differentiations are related to the disparate 

governing requirements, i.e. the high relative density for the core and the good surface finish 

for the contour. In regard to the applied support structure, only the block type, i.e. a 

honeycomb scaffold with open pores and characteristic sawtooth-like connectors towards the 

substrate plate and specimens, was applied and the supported areas were reduced to a 

minimum, which enabled the study of almost all inherent faces. For the SLM process, a 

slicing size of 50 μm was chosen within the data preparation. However, this slice thickness is 

not equal to the applied powder layer thickness during the fabrication process, due to the fact 

that the consolidated layer has a higher relative density5 than the loose powder layer6 [36-38]. 

Therefore, the powder layer thickness within the SLM process is greater than the specified 50 

μm slice thickness; hence powder particles slightly larger in diameter than the final layer 

thickness can be employed. 

 
Figure 2-1: SEM Images of AlSi10Mg raw powder; (i) 500x magnification, (ii) 3000x 
magnification 

                                                 
5 The relative density of the consolidated layer is in the ideal case almost 100%. 
6 The powder-bed density depends on the actual raw powder and its properties as well as on the utilised 
recoating system. However, in general a relative density of the loose powder-bed of around 50-60% can be 
assumed [36]. 

(ii) (i) 
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Figure 2-2: Distribution of AlSi10Mg powder particle size; weighted by (a) area and (b) 
number of appearances 

Table 2-2: Parameter set utilised for the irradiation of AlSi10Mg in SLM 

 
Scan speed 

[mm/s] 
Laser power 

[W] 
Hatch distance 

[mm] 
Scan vector 
length [mm] 

Rotation angle 
increment [°] 

Contour 600 350 - - - 

Core 930 350 0.17 10 90 

Final layer 850 350 0.15 10 - 

Contour offset 600 350 - - - 

Support 900 350 - - - 

The fabricated specimens had a prismatic shape with a squared cross section (10 x 10 x 50 

mm3) and were produced with an oversize of 0.4 mm. The oversize was applied on all sides, 

since these samples were considered for the ultrasonic investigation and the surfaces needed 

to be defect-free and parallel to guarantee a good connection with the ultrasonic transducer 

head [39]. For the micro-section analysis, one cubic sample (edge length of 10 mm) was 

placed in the centre of the substrate plate. 

In order to gain knowledge about the orientation and inclination influence, four different 

representative orientations were considered. This range covers the influence of the inclination 

to the substrate plate, which is specified as the xy-plane and the corresponding angle is 

named as αXY, as well as the alignment to the recoater. The translation direction of the 

recoater is hereby represented by the x-axis; hence the inclination to the recoater movement is 

consequently defined as αX. As the representative counterpart to the global coordinate system, 

(i) (ii) 
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the longitudinal axis of the specimen is used to describe the direction in space and the 

considered configurations are given in Table 2-3. 

Table 2-3: Orientation in dependency to the longitudinal axis of the specimen 

Configuration Polar angle 
αXY; Φ 

Azimuth angle 
αX; Θ 

Sample type 

Prismatic Cubic 

(a) 0° 0° X  

(b) 45° 0° X  

(c) 90° 0° X  

(d) 45° 45° X  

(e) 0° 0°  X 

*Slight deviations from 0° and 90° angles were introduced for the azimuth angle to improve the recoating 
process by ensuring that its blade does not abruptly hit the entire edge at once. 

The influence of the coupled distinctive environmental conditions (i.e. the subsequent 

irradiation order of individual cross-sections, with local generation of smoke and welding 

splashes, and the unidirectional inert gas stream above the powder-bed) was studied on a 

series of flat quadratic samples, placed in the direction of the inert gas stream. The chosen 

setup, including the irradiation sequence and direction of inert gas stream, is depicted in 

Figure 2-3 and hereby, are the characteristic directions in regard to the y-axis in reversed 

order. The inert gas stream follows the positive y-direction, whereas the irradiation pattern in 

plane follows the negative y- and positive x-direction. The investigation comprised a set of 

six small samples with a quadratic cross-section (20 mm edge length and 3 mm in height), 

split up into two series. In addition to these, on one series an additional quadratic frame (outer 

edge length of 50 mm, inner edge length of 25 mm and height of 3 mm) was considered (see 

Figure 2-3). 
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Figure 2-3: Combination of circumstances; subsequent irradiation order and direction of inert 
gas stream; numbers from 1 to 9 indicate the irradiation sequence 

2.1.2.2 Surface Morphology and Topology 

The surface quality evaluation was conducted on a set of two samples per configuration and 

determined with two independent approaches. First, with tactile surface roughness 

measurement equipment (Mitutoyo SJ-301, Mitutoyo Corp., Kanagawa, Japan), using the 

following settings: measurement procedure in accordance to the ISO 1997 norm, with two 

different cut-off wavelengths, i.e. 800 and 2500 μm. Second, with an optical white light 

interferometer (Zygo Zemetrics ZeGage, Zygo Corp., Middlefield, Connecticut, USA), using 

a threshold of 0.5% and a saturation threshold of 5%. Hereby, each determined area 

increment had a quadratic shape with an edge length of 830 μm. For the tactile approach, two 

measurement paths, namely length-wise and cross-wise, were considered. However, it needs 

to be mentioned that the tactile measurement evaluates the topology of the surface 

represented by a received line and therefore, the consideration of the perpendicular path is 

needed in order to gain additional information about the surface condition. Considering an 

upwards orientated surface parallel to the substrate, in which the morphology is mainly 

driven by the upmost scan pattern or a side face with evident layers, the tactile surface 
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measurement path might represent a track in between two scan tracks or layers. This result 

does not accurately represent the whole surface morphology considered, and thus, at least the 

perpendicular orientation, needs to be evaluated as well. Conversely, the optical approach 

considers a small area element and therefore, already covers by itself both directions. 

However, both approaches have in common that their area under consideration is limited in 

its size and hence, both approaches require a series of measurements in order to cover the 

location dependencies as well. A sketch, comparing the two different approaches and the 

belonging evaluated tracks or area, is given in Figure 2-4. Based on the four configurations 

considered (Table 2-3), six distinctive face orientations could be determined (Figure 2-5) and 

this nomenclature was employed to describe the orientation dependent results obtained. 

For the evaluation of the weld splashes on the flat quadratic samples, an optical light 

microscope (VR-3100 Keyence Corporation, Osaka, Japan) was employed to evaluate the 

surface topography. The measurements undertaken differed from the approaches considered 

for the prismatic samples. This time, the whole surface of the sample under consideration was 

recorded, which was necessary to gain insight into the overall distribution and inherent 

deviations of the present welding splashes. In order to represent those inhomogeneous surface 

morphologies encountered as a single value per sample, the characteristic area roughness 

value Sa was chosen instead of using a series of Ra or Rz values (European Norm DIN EN 

ISO 25178-2:2012).  

Figure 2-4: Surface roughness measurements; left: tactile, right: optical 
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Figure 2-5: Applied nomenclature for the description of surface orientations 

2.1.2.3 Chemical Composition 

Given the fact that within the SLM process different parameter sets are applied for the core 

and the contour (Table 2-2) and the local energy input is coupled with material loss effects 

like melting loss or evaporation of material, the composition of the fabricated component 

might differ depending on the considered location. Therefore, the resulting material 

composition was determined with optical emission spectrometry (Q4 TASMAN, Bruker 

Corp., Billerica, Massachusetts, USA) on both the as-built and machined surfaces. 

2.1.2.4 Density and Volume Porosity based on Archimedes Principle 

With the determined chemical composition of the component, the maximal theoretical density 

was calculated and a set of eight samples (machined condition) was weighed in air and under 

water (Archimedes principle [40]). It should be noted that the water contained a small amount 

of additives in order to reduce the surface tension of the fluid, enhancing the reliability of the 

measurements. 

2.1.2.5 Micro-Section Analysis 

The cubic sample was embedded in a hot mounting resin, followed by a stepwise preparation 

procedure, i.e. a pre-grinding process to remove the contour area and a subsequent three-

phase polishing procedure. After each machining step, the sample was cleaned in an 

ultrasonic bath, followed by manual cleaning with water and ethanol. The micrograph was 

then recorded with an optical light microscope (Axio Imager z2m, Carl Zeiss Microscopy 

GmbH, Jena, Germany). 
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2.1.2.6 Ultrasonic Investigation 

A set of six machined specimens (prismatic samples) per configuration was taken into 

account. It should be mentioned that for this investigation solely machined samples must be 

employed, to ensure high quality surfaces in combination with a distinguished parallelism 

between opposing faces. In the investigation, the ultrasonic probe head was placed on one 

end of the prismatic sample in order to initiate the sonic waves (i.e. longitudinal and 

transversal) along the longitudinal direction of the prismatic sample, which was 50 mm in 

length. The ultrasonic investigation was conducted using two transducers, one for 

longitudinal (V129-RM 10 MHz, Olympus-IMS, Massachusetts, USA) and the other for 

transversal (V157-M 5 MHz, Olympus-IMS, Massachusetts, USA) measurements, combined 

with an ultrasonic gauge (Panametrics 25HP plus, Olympus-IMS, Massachusetts, USA). 

Based on the recorded ultrasonic velocities and the known relative density (taken from the 

results of the Archimedes approach) the corresponding material parameters, i.e. Young’s 

modulus and Poisson’s ratio, could be calculated [41]. 

2.1.3 Results and Discussion 

2.1.3.1 Surface Quality 

The fabricated samples exhibited huge deviations in their surface appearances (see Figure 2-6 

and Figure 2-7). The edge-effect, related to the distinct irradiation pattern applied, starting 

with irradiation of the contour, was clearly visible on the UOF of the configuration (a) 

samples.  

 
Figure 2-6: Fabricated samples on substrate plate 
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Figure 2-7: Major deviations in surface appearance 

The mean roughness values are given in Table 2-4 (tactile) and Table 2-5 (optical). However, 

the conducted surface measurements revealed large deviations between the results obtained 

from the two approaches considered. Within the tactile approach similar deviations occurred 

depending upon the applied measurement settings. In particular, the chosen cut-off 

wavelength in the tactile approach was found to have had an impressive impact on the 

resulting surface roughness values (Table 2-4). This finding is related to the geometrical 

deviations inherent in the specimens under consideration, which can generally be split into 

primary deviations (i.e. deviations in shape, dimension and position) and secondary 

deviations (i.e. roughness and waviness). As the detected surface profile represents a 

superimposition of both types, a separation, which allows categorising the surface roughness 

apart from the profile information, needs to be undertaken to qualify the surface morphology. 

Hence, to obtain reasonable results, the range in surface roughness needs to be known upfront 

in order to select appropriate filter parameters (German Standard DIN 4288) for the 

separation process. Consequently, when the chosen measurement parameters do not match 

the surface characteristics under investigation, the results obtained will be inaccurate. Hence, 

based on this relation the deviations encountered within the tactile measurements can be 

explained.  
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Table 2-4: Average surface roughness determined via tactile approach, considering cut-off 
wavelength of 800 μm and 2500 μm; definition of face orientations see Figure 2-5 

Configuration (a) (b) (c) (d) 

80
0 

μm
 c

ut
-o

ff 
w

av
el

en
gt

h 

left 
Ra [µm] 5.62 6.10 6.72 7.70 

Rz [µm] 33.47 39.53 40.58 45.27 

right 
Ra [µm] 8.42 6.08 4.68 8.66 

Rz [µm] 45.92 34.99 29.66 48.83 

UOF 
Ra [µm] 3.17 5.61 - 7.49 

Rz [µm] 15.71 31.94 - 43.55 

DOF 
Ra [µm] - 14.37 - 20.25 

Rz [µm] - 77.05 - 99.35 

door 
Ra [µm] - - 7.36 - 

Rz [µm] - - 43.64 - 

back 
Ra [µm] - - 5.36 - 

Rz [µm] - - 35.42 - 

25
00

 μ
m

 c
ut

-o
ff

 w
av

el
en

gt
h 

left 
Ra [µm] 8.10 7.18 7.35 8.01 

Rz [µm] 52.10 46.93 49.67 51.88 

right 
Ra [µm] 7.41 7.20 8.22 8.02 

Rz [µm] 48.72 49.83 56.53 54.73 

UOF 
Ra [µm] 11.02 9.26 - 12.25 

Rz [µm] 57.05 58.42 - 74.10 

DOF 
Ra [µm] - 24.47 - 30.65 

Rz [µm] - 142.25 - 171.50 

door 
Ra [µm] - - 7.39 - 

Rz [µm] - - 49.73 - 

back 
Ra [µm] - - 7.61 - 

Rz [µm] - - 55.26 - 
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Table 2-5: Surface roughness via white light interferometer: average values and standard 
deviations; definition of face orientations see Figure 2-5 

Configuration (a) (b) (c) (d) 

A
ve

ra
ge

 r
ou

gh
ne

ss
 

left 
Ra [µm] 6.88 8.38 6.15 7.43 

Rz [µm] 22.63 22.77 20.28 23.79 

right 
Ra [µm] 7.34 5.75 8.38 7.15 

Rz [µm] 21.44 20.36 28.30 25.45 

UOF 
Ra [µm] 7.67 6.80 - 7.14 

Rz [µm] 13.88 20.93 - 22.56 

DOF 
Ra [µm] - 27.02 - 23.58 

Rz [µm] - 158.19 - 151.48 

door 
Ra [µm] - - 6.94 - 

Rz [µm] - - 20.49 - 

back 
Ra [µm] - - 6.71 - 

Rz [µm] - - 23.20 - 

St
an

da
rd

 d
ev

ia
tio

n 

left 
Ra [µm] 1.517 2.216 1.687 2.170 

Rz [µm] 5.642 5.546 5.357 7.119 

right 
Ra [µm] 2.431 1.843 2.500 2.789 

Rz [µm] 4.002 5.357 12.788 8.428 

UOF 
Ra [µm] 3.904 3.032 - 2.109 

Rz [µm] 3.324 7.582 - 7.295 

DOF 
Ra [µm] - 15.397 - 7.862 

Rz [µm] - 48.915 - 46.866 

door 
Ra [µm] - - 2.571 - 

Rz [µm] - - 5.200 - 

back 
Ra [µm] - - 1.983 - 

Rz [µm] - - 7.152 - 

Returning to the comparison of the two approaches considered, based on the mechanical 

detection involved in the tactile approach, with its sliding and scratching path in combination 

with the detection limitation related to the geometrical size of the probe tip, certain 

limitations in the accuracy were reasoned. The tiny welding splatters of the surface cannot 

withstand the mechanical force and are removed without detection. Furthermore, the small 

notches are not large enough to be detected (see Figure 2-8). 

The optical approach was found to be more suitable for surface quality evaluations in regard 

to SLM fabricated as-built samples; hence, in the following comparative discussion solely the 

results obtained with the optical approach were taken into account. It was evident on the three 
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representative images determined (see Fig. 10), that the appearance of the sample surface was 

highly volatile to its individual orientation during fabrication. However, the side faces 

revealed mainly similar images and were thus represented as one single group, whereas the 

UOF and DOF exhibited totally different appearances.  

 
Figure 2-8: Characteristic surface topographies; representative images, obtained with white 
light interferometer, for all investigated configurations based on the orientation 
(i) side face [LOF, ROF, door, back], (ii) UOF, (iii) DOF 

In order to get a deeper insight into these evident deviations, the orientation dependent results 

and their related spreading are shown as Gaussian normal distribution curves per 

configuration and corresponding faces in Figure 2-9. It should be mentioned that for the 

following charts and discussion section, only the Rz values are considered, due to the fact 

that extrema/peaks show a greater influence on the obtained roughness values when the Rz 

weighting criteria is applied [42]. Of these, it could be concluded that the DOF exhibited an 

appreciable inferior surface quality and, in the case of functional surfaces, always required a 

surface finish in a subsequent machining procedure.  

(ii) (i) 

(iii) 
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Figure 2-9: Surface roughness as Gaussian normal distribution per configuration (a to d) for 
all corresponding faces 

However, all other face orientations revealed applicable surface qualities. Of course, this is 

just a subjective impression and always depends on the purpose of application. Nevertheless, 

there were also certain deviations and dependencies evident in between these faces. In order 

to investigate this low-roughness sector further, magnifications of this area are depicted in 

Figure 2-10, to increase the resolution of the charts given in Figure 2-11, where needed. For 

the configuration (a) samples it was evident that the parallel to the substrate plate orientated 

UOF confirmed the lowest roughness and spreading. However, this behaviour was 

anticipated as this face comprised just one single layer and was therefore driven by the final 

laser pattern and irradiation parameters applied. Whereas, the two side-faces, i.e. LOF and 

ROF, consisted of multiple layers and hence also depended on the entire process, including 

the connection between individual layers and the secondary effects occurring between the 

melt pool and the loose powder-bed. As soon as the specimen was inclined in regard to the 

substrate plane (αxy ≠ 0°), the UOF also comprised multiple layers and deviations in direct 

comparison to the side faces alleviated. This effect was revealed for both inclined 

configurations, i.e. (b) and (d). Furthermore, for the UOF and DOF there was another 
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characteristic effect evident. The inclination angle in combination with the given layer 

thickness and the resulting incremental generation led to a staircase-like surface finish. This 

manufacturing process related effect is commonly named as the staircase-effect and its 

emphasis on the resulting surface morphology is solely dependent on the inclination angle of 

the surface and the applied layer thickness. In terms of the DOFs, which were built without 

additional support structure, these two criteria (i.e. inclination angle and layer thickness), 

described the overhang of the layer to be consolidated in regard to the solid area beneath, or 

in other words the area of the new layer without a solid support underneath, which caused, 

besides the drainage of the melt pool into the loose powder-bed, a warping of the cantilevered 

area. 

 
Figure 2-10: Magnification to Figure 2-9, depiction of the low roughness area; (b.1) config. 
(b), (c.1) config. (c), (d.1) config. (d) 

Some discrepancies were present for the configuration (c) samples, where only faces 

perpendicular to the substrate plane were present, i.e. LOF, ROF, door and back. Based on 

the previous mentioned circumstances, it could be concluded that for these samples no real 

deviations between the single faces should have been evident. However, major deviations for 
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both the average surface roughness and the spreading were determined. Specifically, the ROF 

revealed a higher surface roughness and an immense inequality. Since these samples were 

positioned on the uttermost right-back edge (see Figure 2-6), these tendencies were reasoned 

to the present deviations in the environmental conditions. That is, adjacent samples on the 

left-hand side with corresponding heat input and the solid wall of the build cave on the right-

hand side, coupled with the influence of the laser beam irradiation angle in combination with 

the distinct subsequent irradiation order, leading to heat accumulation effects per single 

irradiated cross-section and in the whole consolidated layer. In addition, the influence of the 

inert gas stream, with its thermal influence and the transport characteristic of emerging smoke 

and splashes, also contributed to the present deviations in environmental condition. 

In order to analyse these present tendencies based on the specific face orientations in more 

detail, the evaluated faces were grouped according to their individual orientation. The 

corresponding charts are depicted in Figure 2-11. In support of this, it was concluded that 

under the consideration of all involved configurations, the LOF and DOF exhibited consistent 

results throughout all investigated samples, although the locations on the substrate plate 

differed (see Figure 2-6). Conversely, the ROF and UOF revealed major differences. As 

mentioned earlier, the deviations for the UOF were reflected in the change of the inclination 

angle which changed the characteristics of the surface from one single layer to multiple 

layers. Thus, this finding could be related to the inclination angle applied. In terms of the 

ROF, the significance of the configuration (d) samples should be emphasised. These samples 

included an additional influencing factor, which is the inclination angle to the recoater 

translation path (αx = 45°). Hence, the deviation between configurations (b) and (d) could be 

apportioned to the influence of the inclination angle to the recoater. However, in order to 

clarify the encountered deviations in the configuration (c) samples, the positioning effect 

coupled with the irradiation strategy and flushing procedure was investigated further. 
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Figure 2-11: Surface roughness as Gaussian normal distribution for different configurations, 
grouped per side orientation; (i) LOF, (ii) ROF, (iii) UOF, (iv) DOF 

Based on the evaluated flat quadratic samples (see Figure 2-12 and Figure 2-13), clear 

tendencies in the present surface quality were observed. The corresponding results are 

summarised in Table 2-6. Both considered series (the single and the framed quadratic 

samples) exhibited a decrease in their surface quality in direction from the left to the right 

side of the build area (negative y-direction, see Figure 2-3). Hence, it could be reasoned that 

the emitted welding splashes could not be holistically wiped out by the constantly flowing 

inert gas stream and the few splashes which fell out led to a distinctive pattern in plane. 

Interestingly, there was no real emphasis on the areas of the frame present, which were in the 

travel direction of the emerging splashes of the centred neighbouring quadratic sample. This 

fact indicated that the emerged weld splashes were absorbed first in the inert gas stream and 

then randomly fell out after travelling a certain distance in the inert gas flow, leading to their 

random distribution over the area. However, comparing the two single quadratic samples 

(Table 2-6), placed on the very left side in each individual series, it could be concluded that 

the increased amount and size of the solidified cross-sections, caused by the additional 

surrounding frames, also had an appreciable impact on the surface quality obtained. It needs 
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to be mentioned that this effect was most emphasised on the left side of the build area (close 

to the inert gas outlet) and in terms of the samples on the right side (close to the inert gas 

inlet) almost no deviation was present. 

Given this clear evidence of the resulting inhomogeneous surface appearance of the upmost 

layer and that this behaviour could be anticipated to occur constantly in every single layer 

consolidated and hence, affect the entire manufacturing process. It could be concluded that 

these constantly occurring inhomogeneities in the surface morphology caused a detrimental 

effect on the recoating process of the subsequent applied powder layer and influenced also its 

consolidation process. Thus, the irradiation strategy applied, coupled with the unidirectional 

inert gas flow, could be reasoned as one possible cause, contributing to the present deviations 

and spreading observed in the surface quality investigations of the prismatic samples, i.e. in 

particular the variation encountered in the surface quality between the LOF and ROF on the 

configuration (c) samples. 

 

Figure 2-12: Surface topography of single quadratic samples; magnification factor 2; (i) left 
sample, irradiation number ③; (ii) centred sample, irradiation number ⑥; (iii) right sample, 
irradiation number ⑨; nomenclature in accordance to Figure 2-3 

  

(i) (ii) (iii) 
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Figure 2-13: Surface topography of framed quadratic samples; magnification factor 2; (i) left 
sample, irradiation numbers ① and ②; (ii) centred sample, irradiation numbers ④ and ⑤; 
(iii) right sample, irradiation numbers ⑦ and ⑧; nomenclature in accordance to Figure 2-3 

Table 2-6: Surface roughness results of flat quadratic samples; characteristic area roughness 
values (European Norm DIN EN ISO 25178-2:2012) 

Positioning 

Area roughness Sa [μm] 

Single quadratic sample  
(Figure 2-12) 

Single quadratic sample7  
(Figure 2-13) 

Framed quadratic sample8  
(Figure 2-13) 

left 18.73 33.00 49.09 

centre 14.92 17.70 33.98 

right 13.67 15.85 31.57 

                                                 
7 Solely the quadratic sample in the middle is considered. 
8 The given value for the area roughness Sa comprises the whole combination, i.e. the quadratic sample and the 
surrounding frame. 

(i) (ii) 

(iii) 
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2.1.3.2 Chemical Analysis 

The composition analysis was conducted on machined and as-built samples, thus representing 

both the chemical composition of the contour and core material. A set of three measurements 

for each were evaluated and the averaged results were determined (Table 2-7). However, 

small deviations were evident. The aluminium content in the contour composition was less 

than in the core and the contrary held for the corresponding silicium content. 

Table 2-7: Averaged chemical composition in weight-percent 

 
Al Si Mg Ca Cr Cu Fe Ga 

machined 89.3280 10.0867 0.3073 0.0067 0.0024 0.0017 0.1627 0.0133 

as-built 88.9463 10.4967 0.3043 0.0117 0.0041 0.0030 0.1700 0.0103 

 
Li Mn Na Ni P Sb Ti V 

machined 0.0005 0.0030 <0.0020 0.0074 0.0029 <0.0070 0.0727 0.0049 

as-built 0.0007 0.0030 0.0170 0.0137 0.0026 0.0090 0.0077 <0.0020 

Based on the determined compositions, the theoretical alloy densities were calculated in 

accordance to the weight-percentage and corresponding element densities [43]. In particular, 

the values 2.657 g/cm³ for the core and 2.654 g/cm³ for the contour composition were 

obtained. Given the fact that the contour represents only the outer shell and thus, has a rather 

negligible influence in relation to the entire component, the overall density is represented by 

the determined core density. Hence, for the subsequent density evaluations, the core value 

was considered as the representative theoretical, maximal achievable, density. At this point it 

should be mentioned that both compositions determined met the standardised composition 

specifications of the AlSi10Mg alloy [44]. 

2.1.3.3 Density based on Archimedes Principle 

For the density evaluation based on the Archimedes principle, the obtained masses in air and 

under water were transferred into averaged values for the density and volume porosity. The 

outcome is given in Table 2-8. 

Table 2-8: Density and volume porosity based on Archimedes principle 

Machined prismatic samples Density ρ [g/cm³] Volume porosity [%] 

Average 2.644 0.494 

Standard deviation 0.00508 0.19427 
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In order to clarify the interpretation of the obtained results, the according spreading based on 

the Gaussian normal distribution [45] is depicted in Figure 2-14. Out of this, it could be 

concluded that the produced samples exhibited a high quality in terms of their relative 

density.  

 
Figure 2-14: Gaussian normal distribution: (i) relative density, (ii) volume porosity 

2.1.3.4 Microstructure 

Subsequently, to gain further insight into the distribution of the remaining porosity in the 

area, a micro-section analysis was conducted on the cubic sample and the following results 

were obtained (Table 2-9). It should be noted that for the evaluation of the area porosity only 

laid open pores larger than 5 μm have been considered. 

Table 2-9: Results of micro-section evaluation on cubic sample 

Evaluated area [mm²] Count of voids Area porosity [%] 

95.7 994 0.3 

However, the area porosity appeared to be lower than the volume porosity (Table 2-8). This 

might be a side effect of neglecting the not fully laid open pores or may be caused by the 

mechanical preparation process of the micro-section, which could lead, under certain 

circumstances, to the closure of some pores. Nevertheless, the micro-section enabled the 

insight into the pore distribution over the cross-section (see Figure 2-15). Furthermore, the 

pore size distribution weighted in accordance to the occupied area is depicted. As a 

representative value for the pore size the determined maximal Feret diameter9 [46] was 

                                                 
9 The maximal Feret of a region is the maximum value of a series of 32 distance measurements with different 
angular positions. 

(i) (ii) 
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chosen. It could be concluded that in the core area, the pores were arbitrarily distributed and 

no clear tendency was present. However, towards the contour (side faces) the porosity density 

increased, whereas the area on top, which was irradiated using the parameter set for the final 

layer, resulted in a very low amount of inherent porosity. Based on these findings, it could be 

concluded that the varied irradiation parameters applied resulted in evident inhomogeneities 

in terms of the overall distribution of pores. In particular, the parameters applied for the 

contour scanning, coupled with the distinctive irradiation strategy (irradiation of the contour 

first), led to a high porosity in the adjoining area, i.e. the transition area where the shift from 

the contour irradiaton to the core irradiation was performed. This critical accummulation of 

voids can be explained by the characteristic tendency in the size of adjoining subsequent laser 

tracks, i.e. the first laser track is larger in its size and leaves gaps in the neighboring area, 

leading to a smaller subsequent track with an increased likelihood of imperfection 

occurrance. At last, it should be noted that the evident porosity in the lower area was 

governed by the interaction between the highly porous support structure and the first couple 

of solidified layers. 

      
Figure 2-15: Micro-section and area-weighted porosity distribution of cubic sample 

2.1.3.5 Ultrasonic Evaluation of Elastic Material Constants 

The averaged results and the according standard deviations for Young’s modulus and 

Poisson’s ratio are given in Table 2-10. However, the determined mechanical parameters 

based on sonic velocities did not reflect the inclination dependent anisotropic material 

behaviour reported in destructive material testing [20,32,47,48]. The obtained results 
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appeared constant throughout all configurations under consideration, combined with a very 

low spread. 

Table 2-10: Ultrasonic investigation; Young's modulus and Poisson's ratio based on 
longitudinal and transversal sonic velocities 

Config. 
Young's modulus E [GPa] Poisson's ratio ν [-] 

Average STDEV Average STDEV 

(a) 74.787 0.430 0.336 0.0013 

(b) 75.200 0.411 0.338 0.0016 

(c) 75.119 0.252 0.334 0.0007 

(d) 74.999 0.433 0.337 0.0015 

Consequently, it can be reasoned that the anisotropy caused by the layer-wise AM method 

cannot be determined with non-destructive procedures, like the ultrasonic investigation, and 

therefore, the destructive material testing is indispensable. This relation was at least evident 

for tensile load cases, as proven in this work. However, in the case of compressive loads, 

there might be a better agreement as the inherent voids do not affect the material behaviour in 

such a strong manner, as is the case for tensile loads. These effects will be studied further by 

employing the prismatic samples in compressive tests and the according results will be 

reported. 

2.1.4 Conclusion 

Based on the microstructural investigations undertaken, it could be concluded that the 

fabricated samples exhibited a good quality in terms of their relative density, on average 

above 99.5%, for both investigations considered (Archimedes principle and micro-section 

evaluation). In regard to the evaluated surface quality, several characteristic influencing 

factors, i.e. position of the sample in the build space, inclination angle of the surface, 

interaction with the loose powder-bed, transport of weld splashes with the inert gas stream, 

were determined, leading to the major distinctions observed. Out of these, the inclination 

angle of the surface was found to have the most emphasised effect on the resulting surface 

morphology, followed by the interaction between the melt pool and the loose powder 

particles. Furthermore, the impact of the occurring combination of circumstances, i.e. the 

order of subsequent irradiations and the inert gas flow in the build chamber, was examined 

and huge deviations in the homogeneity of the surface appearance of the last consolidated 

layer was observed. This inhomogeneity was determined to have an impact on the surface 
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qualities of opposing side faces, mainly between left and right facing surfaces, and the 

evident tendencies encountered for the surface quality of the upmost layer, in relation to the 

overall positioning in plane. For the determination of the material parameters, i.e. Young’s 

modulus and Poisson’s ratio, the ultrasonic approach was found to be unsuitable, as the 

evident anisotropic behaviour could not be detected. However, as these anisotropies were 

justified by solely tensile loadings, the significance occurring in compressive load cases 

needs to be proven in further investigations. 
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Abstract 

Additive manufacturing receives nowadays opulent attention in both media and ongoing 

research. In particular, the techniques involving full melting of the raw material, enabling the 

fabrication of directly deployable components, are of high interest. To date, there are still 

secondary influences which are yet to be considered, leading to substantial, mainly 

directional dependent, deviations. The study at hand investigated the surface roughness 

dependencies in plane, focusing on the interaction of the unidirectional inert gas stream with 

the irradiation sequence; more precisely the weld splashes emerging from the melt pool, and 

the resulting in plane pattern. The surface roughness of the upwards orientated faces revealed 

clear fluctuations, being lowest close to the gas-inlet and also in the back area of the machine. 

Perpendicular to the fabrication plane aligned surfaces did not reveal any volatility regarding 

the inert gas stream. Increasing the energy density of the irradiation led to an increase in the 

surface roughness of all side faces, but to an improved roughness of the upwards facing 

surfaces coupled with a significant reduction in evident weld splashes. 
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2.2.1 Introduction 

Selective laser melting (SLM) belongs to the layer-wise, powder-bed based additive 

manufacturing technologies and generates components by exposing successive powder layers 

selectively with a laser beam as the driving force for local solidification [1]. Due to the 

complete melting of the powder in SLM, this process is capable of manufacturing almost full 

dense parts within one manufacturing step, proven for stainless steel [2]. The relative density 

of fabricated components is most commonly employed as a quality indicator, which has been 

justified by the relation of the components density to the mechanical properties [3,4] and, 

specifically for laser beam driven additive manufacturing, the linkage of the relative density 

to the as-built surface roughness [2,5,6]. Latter dependency is attributed to the coupling of the 

resulting surface morphology and pore formation on the present melt pool characteristics 

during manufacture [7,8]. The melt pool itself, on the other hand, depends mainly on the 

applied energy density of the irradiation, 

𝑒𝑛𝑒𝑟𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑙𝑎𝑠𝑒𝑟 𝑝𝑜𝑤𝑒𝑟 × 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑡𝑖𝑚𝑒

𝑙𝑎𝑦𝑒𝑟 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 × ℎ𝑎𝑡𝑐ℎ 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 × 𝑝𝑜𝑖𝑛𝑡 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
 , 

and the properties of the raw metal powder [9]. 

In addition to these irradiation dependent factors, there are additional influences based on the 

inclination angle and the face orientation. The coupling of the layer thickness and the 

inclination angle of a surface describes the stair size, which is a measure for the shape 

approximation reasoned in the step-wise generation process [10,11]. Due to the interaction 

with the neighbouring powder-bed, this staircase effect is superimposed with adjoined and 

interlaced powder particles, leading to an interconnection of the surface roughness with the 

powder particle size and the proximate temperature field of the melt pool [12,13]. 

For many applications the as-built surface quality is insufficient, hence requiring additional 

steps to overcome this limitation. One option to improve the as-built surface roughness was 

to extend the manufacturing procedure by including laser re-melting and/or laser erosion 

[14]. Both approaches were beneficial for the achieved surface roughness; however, the re-

melting approach delivered remarkable results coupled with an additional gain in the relative 

density. Laser erosion, on the other hand, was found to enhance the accuracy of the 

component and the manufacturability of downwards facing areas without support structure 

[15]. Nevertheless, both approaches are limited in terms of their accessibility, restricting the 

modification of most inherent surfaces. To overcome this issue the laser polishing of selective 
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laser melted components was studied, enabling the modification of all surfaces with 

promising results for further applications [16,17]. 

To this point, the described surface morphologies were assumed to be homogeneous, 

however, as shown in a previous study, this is not the case [18]. Emerging weld splashes, 

arising from the interaction of the laser beam with the powder-bed, influence the surface 

morphology of every single layer irradiated. Based on the interaction of the inert gas 

movement with the weld splashes, and their subsequent in-plane appearance, governed by the 

global irradiation order, a directional pattern arises. Given the importance of the powder layer 

thickness on the process quality and thus, requiring a homogeneous in-plane powder layer 

thickness, the inhomogeneities induced by the weld splashes are believed to favour 

anisotropic in-plane material properties coupled with induced local weak spots [19,20]. 

Therefore, this study investigated the position dependent surface roughness of fabricated 

components to identify the in-plane surface roughness distribution. 

2.2.2 Methodology 

2.2.2.1 Manufacturing Conditions 

Samples were fabricated with a SLM 280HL machine (SLM Solutions AG, Lübeck, 

Germany) equipped with a 400 W ytterbium fibre laser and an available build space of 280 x 

280 x 320 mm³. The utilised irradiation parameters were adapted to the particular region 

irradiated and two varying sets were considered in this study, Table 2-11. In regard to the 

necessary support structure, only the block type, i.e. a honeycomb scaffold with open pores 

and characteristic saw-tooth-like connectors towards the substrate plate and specimens, was 

applied. The raw 316L (1.4404) stainless steel powder was supplied by SLM Solutions 

(Table 2-12, Figure 2-16).  
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Table 2-11: Parameter sets utilised 

Parameter set 
Scan 

speed10 
[mm/s] 

Laser 
power 
[W] 

Hatch 
distance 

[mm] 

Scan vector 
length [mm] 

Rotation 
angle 

increment [°] 

Energy 
density 
[J/mm3] 

(1) 

Contour 550 100 0.09 - - 67.3 

Core 750 175 0.12 7.5 90 64.8 

Final layer 550 175 0.1 - - 106.1 

Support 650 100 - - - - 

(2) 

Contour 400 100 0.09 - - 92.6 

Core 800 200 0.12 10 33 69.4 

Final layer 400 300 0.1 - - 250.0 

Support 875 200 - - - - 

Common 

Layer thickness of 30 μm 

Mounting plate11 temperature of 200°C 

Nitrogen is employed as the inert gas 

Contour is irradiated first, followed by the core, 
utilising the line scanning strategy 

Table 2-12: Powder characteristics of 316L (1.4404) 

D10 [μm] D50 [μm] D90 [μm] Apparent density [g/cm3] 

22.74 35.54 55.36 3.85 

 
Figure 2-16: Scanning electron microscope image of the powder particle shape and 
morphology 

                                                 
10 Scan speed = point distance / exposure time 
11 The substrate plate is fixated on the mounting plate, which includes the thermal regulation. 
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2.2.2.2 Positioning and Irradiation Sequence 

The samples (flat tensile samples DIN 50125 - E 5 x 10 x 40) were built up along their width 

direction in two distinctive configurations in an almost perpendicular arrangement to each 

other, Table 2-3. The irradiation sequence chosen starts from the left-door corner and 

progresses diagonally to the right-back corner, with the y-direction being the primary 

direction, leading to a particular irradiation pattern (see Figure 2-5 and Figure 2-18). Hence, 

the irradiation sequence is in reversed direction to the inert gas stream, which flows in 

positive y-direction. This particular coupling generally ensures that there are no interactions 

of the deposited powder layer with the emerging weld splashes of the ongoing process. Thus, 

the loose powder remains undisrupted prior to irradiation, but to the cost of the interaction of 

the weld splashes with the solidified areas. 

Table 2-13: Orientation in dependency to the longitudinal axis of the specimen 

Configuration Polar angle 
αXY; Φ 

Azimuth angle 
αX; Θ 

(a) 0° 0° 

(b) 0° 90° 

*Slight deviations from 0° and 90° angles were introduced for the azimuth angle to improve the recoating 
process by ensuring that its blade does not abruptly hit the entire edge at once. 

 
Figure 2-17: Applied nomenclature for description of surface orientations, adopted from [18] 
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Figure 2-18: Positioning of samples and sequence of irradiation12 

2.2.2.3 Surface Quality 

Surface quality measurements were conducted in accordance with the ISO 25178 standard 

with an optical Zemetrics Zegage white light interferometer (Zygo Corp., Middlefield, CT, 

USA). Three area increments (800 x 800 μm2) were evaluated along the length axis on the 

UOF and side faces (i.e. LOF, ROF, back, door) of each sample, based on which Ra and Rz 

values were determined. It should be mentioned that the edge effect, influencing the UOF, 

was not considered within the measurements; the values given solely reflect the stable surface 

morphology in adequate distance to the borderlines [21]. Given the very limited height 

difference of the inherent UOF along the samples under consideration, the results were 

projected into an averaged 2D representation and interpolated along the xy-plane. 

2.2.3 Results and Discussion 

Two distinctive surface morphologies were evident based on the alignment (see Figure 2-19). 

The surface roughness of vertically aligned side faces was governed by the interaction with 

the loose neighbouring powder particles, whereas the UOF were governed by the scan track 

pattern of the final layer superimposed with scattered weld splashes. No influences of the 

surface roughness of the side faces to the inert gas stream were evident. The ROF and LOF, 

which respectively were facing or averting the inert gas stream, did not reveal any 

noteworthy deviations (see Figure 2-20). Minor discrepancies were present between the back 

                                                 
12 Irradiation number ⑬ refers to a cubic sample placed in the centre. 
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and door facing surfaces, whereby the door surfaces continuously revealed lower roughness 

values. Given the two-way recoating procedure applied during manufacturing, the reason for 

this is, to date, not precisely clarified. 

 
Figure 2-19: Surface morphology of (i) vertically aligned side faces and (ii) horizontally 
aligned UOF 

 
Figure 2-20: Surface roughness and standard deviation per configuration and face alignment 

The comparison of the results between the two parameter sets revealed significant variations 

in the surface roughness. In general, the parameter set (2) applied a higher energy density 

throughout all areas, which led to a noticeable overall increase in roughness on all side faces, 

attributed to the increased interaction of the surrounding powder particles with the heat 

affected zone, but to a remarkable roughness reduction of the UOF (Table 2-11). Moreover, 

the scatter in surface roughness of the UOF, mainly caused by the weld splashes, was 

significantly decreased. The latter has been investigated further by creating interpolated 

surface roughness maps for the xy-plane based on the results of the UOF (Figure 2-21). Both 

parameter sets showed tendencies of an increase in surface roughness along the positive y-

direction, however, far more pronounced in the case of parameter set (1). A constant area of 

increased surface roughness was revealed in the door area (x = 0-80 mm), apart from the 

region close to the right. In addition, a clear trace of weld splashes was evident in the centre 

(i) (ii) 
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region (x ~140 mm), starting at the third configuration (a) sample counted from the right, 

lancing to the left border, irradiation number ⑩ in Figure 2-18. In general, the following 

holds for the in plane surface roughness of UOF, if diagonally divided in two sections, the 

triangle along the right-back boundaries exhibited, in both cases, fairly constant and 

comparably low surface roughness results. Towards the left border, the likelihood of weld 

splashes, and correspondingly the measured surface roughness, increased. The cause of the 

increased surface roughness along the door boundary is not identified yet. However, it is 

believed that this phenomenon is linked with the compensation of the focus offset and change 

in the incidence angle of the laser beam. 

 
Figure 2-21: Dependency of the surface roughness of UOF on the positioning on the substrate 
plate and the irradiation parameters 

Based on the high dependency on the chosen irradiation parameters and their variation 

according to the utilised raw material, it can be anticipated that both the surface roughness 

and the emphasis on the in plane pattern fluctuate. This relation restricts global predictions 

for the surface roughness to directional dependencies, as the absolute magnitudes underlie 

various influences and alterations. 
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2.2.3.1 Overview of Documented Surface Roughness 

In order to categorise and frame the surface roughness values of this study in the big picture, 

an overview, representing results documented in related investigations, is provided in Table 

2-14. It needs to be noted that the various research groups have utilised varying equipment 

and processing settings; thus, results are often not directly comparable. 

Table 2-14: Surface roughness results documented in literature; given values refer to as-built 
surfaces 

 Ra [µm] Rz [µm] Material Surface orientations covered 

Cherry et al. [2] 9-16 - 316L side faces, 90° to substrate plate 
(LOF, ROF, door, back) 

Kempen et al. [22] 14.7-18.3 - HSS M2 UOF (PT = 90°C; 200°C) 

Kruth et al. [14] 7.2–18.8 - 316L UOF 

Löber et al. [12] 15.03 23.04 316L side faces, 90° to substrate plate 
(LOF, ROF, door, back) 

Spierings et al. [9] 5-10 - 316L UOF 

Strano et al. [13] 9.2–16.1 - 316L surface inclinations 0° - 90° to 
substrate plate in 5° intervals 

Yasa et al. [15] 16–28 - 316L UOF with 10° and 30° inclination 

Yasa et al. [23] 15 - 316L UOF 

SLM Solutions [24] 10±2 50±12 316L - 

This work 6.20–13.76 13.04–51.79 316L 
LOF, ROF, UOF, door, back 
surface inclinations 0°, 90° 

Previous work [18] 
(see Chapter 2.1) 5.75–27.02 13.9–158.2 AlSi10Mg 

LOF, ROF, UOF, DOF, door, back; 
surface inclinations 

0°, 45°, 90° 

2.2.3.2 Warping 

Apart from the surface roughness, the samples, already at their relatively low build height of 

15 mm, revealed a recognisable warping along their width direction, Figure 2-22. These 

deformations perpendicular to the build direction were evident for both configurations and 

parameter sets and resulted from the internal residual stresses exceeding the yield strength, 

leading to plastic deformations during the manufacturing process [25].  
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Figure 2-22: Geometric deviations perpendicular to build direction occurred due to thermal 
induced stresses 

2.2.4 Conclusion 

Samples built with two parameter sets revealed major dependencies of their surface 

roughness on the applied irradiation energy density and for the upwards orientated faces, 

considerable fluctuations in the xy-plane. Faces perpendicular to the substrate plate, showed 

no interconnection with the irradiation sequence and inert gas stream, but a remarkable 

volatility to the irradiation settings. In particular, an increased energy density led to an 

increased surface roughness throughout all side faces. Contrary to this, the roughness of 

upwards orientated faces improved with an increased irradiation energy density and the 

appearance of adjoined weld splashes on the solidified areas drastically decreased. In general, 

the following could be concluded for the in plane surface roughness tendencies of upwards 

orientated faces: the best results were achieved in the area close to the inert gas inlet and 

towards the back, whereas the areas in close proximity to the door and the inert gas outlet 

revealed a drastic increase in surface roughness. 
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Abstract 

Additive manufacturing processes offer the ability to manufacture highly complex 

geometries, but are limited in terms of the achievable surface quality. These limitations are 

based on physical restrictions, especially the need of support and the powder-bed 

environment, and economic decisions. In this study, the development of the morphology of 

surfaces with varying inclination angles was investigated on the example of 316L stainless 

steel. Surfaces with low inclination angles to the manufacturing plane suffered extensively 

from the process related staircase effect, whereas perpendicular side faces revealed high 

dependencies on the interaction with the powder-bed. 

2.3.1 Introduction 

The surface quality of components fabricated with powder-bed based additive manufacturing 

techniques is volatile to the thermal circumstances during the process, which are mainly 

governed by the selected irradiation parameters and the substrate plate temperature [1,2]. 

These circumstances are directly related to the melt pool characteristics and correspondingly 

the interactions of the melt with the surrounding powder-bed and the already solidified areas 

underneath [3]. Depending on the considered surface orientation, relative to the substrate 

plate, the predominant surface morphology changes due to varying environmental conditions, 

which was shown to have a more dominant influence on the surface quality than a slight 

Reprinted with permission from Trans Tech Publications Ltd - License No. 4396521190602
This is the accepted version of the following article: L. Hitzler, J. Hirsch, M. Merkel, A. Öchsner, Defect Diffus. Forum 2017, 372, 202-207; 
which has been published in final form at [http://dx.doi.org/10.4028/www.scientific.net/DDF.372.202]. 
The manuscript has been reformatted to meet the criteria of a dissertation under the Griffith University guidelines.
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change in the irradiation parameters [4,5]. The surface quality of perpendicular to the 

substrate orientated side faces is described by the bonding between subsequent layers, the 

applied contour irradiation parameters and the interaction of the corresponding heat 

influenced zone with the loose neighbouring powder particles [6,7]. Parallel to the substrate 

plate orientated faces are, in the case of upwards facing surfaces, governed by the irradiation 

strategy and pattern of the final layer, coupled with minor evident weld splashes [5]. In the 

case of downwards facing surfaces, their morphology is described by either the support 

structure underneath or the direct interaction of the loose powder-bed underneath with the 

melt pool on top, which causes drainage and penetration of the melt into the loose powder-

bed [8]. Any surface orientation apart from the outlined ones represents a superimposition of 

the described phenomena, coupled with the staircase-effect [9]. Due to the layer thickness 

and the successive generation process, the contour of the component to be manufactured is 

approximated as sliced model, whereby the achievable accuracy is dependent on the layer 

thickness, the slope angle and the powder particle size [6].  

The often for specific applications insufficient surface quality is one of the big challenges yet 

to overcome. The crucial part hereby is to enhance the quality, while maintaining the 

geometrical flexibility of manufacturable parts, as it is possible when using a laser beam in a 

subsequent polishing procedure [10]. 

On a side note, the inclination angle during manufacture affects not only the surface quality; 

it has also an immense influence on the tensile strength and a measurable impact on the 

fracture toughness of the material [11-13]. 

Within this study, the changing surface morphology of side faces with progressing inclination 

angle is addressed, with the major focus on the process related dependencies and correlated 

challenges. 

2.3.2 Methodology 

2.3.2.1 Manufacturing Conditions, Specimens and Positioning 

Specimens were fabricated with a SLM 280HL machine (SLM Solutions AG, Lübeck, 

Germany), which utilized a 400 W Yb-fibre-laser. The available build space was 280 x 280 x 

320 mm³. A perforated lattice structure with additional solid pins (D = 5 mm) was introduced 

as support structure (Figure 2-23). The applied manufacturing settings and parameters are 
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given in Table 2-15. A total of five representative configurations, determined by the 

inclination angle of the specimen’s longitudinal axis to the substrate plate, were 

manufactured in two charges (Table 2-3). Flat tensile specimens type E 5 x 10 x 40, 

according to the German standard DIN 50125:2009-07, were fabricated. The positioning in 

the build space is depicted in Figure 2-24. On a side note, no post-heat-treatments or surface 

postprocessing steps were carried out. 

 
Figure 2-23: Customized support structure 

 
Figure 2-24: Positioning of the specimens in the build space; (i) charge A, (ii) charge B 
  

(ii) (i) 
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Table 2-15: Manufacturing settings 

Parameter 
set 

Scan 
speed13 
[mm/s] 

Laser 
power 
[W] 

Hatch 
distance 

[mm] 

Scan vector 
length [mm] 

Rotation angle 
increment [°] 

Energy 
density 
[J/mm3] 

Contour 400 100 0.09 - - 92.6 

Core 800 200 0.12 10 33 69.4 

Final layer 400 300 0.1 - - 250.0 

Support 875 200 - - - - 

Layer thickness of 30 μm 

Mounting plate14 temperature of 200°C 

Nitrogen is employed as the inert gas 

Contour is irradiated first, followed by the core, utilizing the line scanning strategy 

Table 2-16: Positioning of the configurations in relation to the substrate plate 

Configuration Polar angle  αXY; Φ Charge Runtime [h] 

(a) 0° A 39.5 

(b) 15° 

B 86.5 
(c) 45° 

(d) 75° 

(e) 90° 

2.3.2.2 Measurement Approach 

The surface quality was determined based on three measurements, area increments of 800 x 

800 µm², along the longitudinal axis per sample (Figure 2-25). Measurements were 

undertaken with a white light interferometer (Zemetrics Zegage, AMETEK Germany GmbH) 

in accordance to the ISO 25178 standard. The evaluated surface roughness profile lines were 

placed in the direction of the highest surface roughness, i.e. perpendicular to the scan vectors 

of the final layer, or perpendicular to the layers for side faces. Thus, the surface roughness 

values stated in this study represent the worst case scenario. Throughout the work, the surface 

orientation is described by its polar angle Φ, referring to the inclination between the 

considered surface and the substrate plate (xy-plane). 

                                                 
13 Scan speed = point distance / exposure time 
14 The substrate plate is placed on top of the mounting plate, which includes the thermal regulation. 
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Figure 2-25: Exemplification of the evaluated areas, depicted for the Φ = 0° surface of a 
configuration (a) sample 

2.3.3 Results and Discussion 

2.3.3.1 Surface Quality 

Major changes in the surface morphology were evident based on the present thermal 

environment, governed by the surface inclination and the related factors, i.e. proximity of 

already solidified areas, interaction with the loose powder particles, as well as irradiation 

energy and pathway (Figure 2-26). According to Strano et al. [6], adjoined and partially 

molten powder particles appear more likely on the edges of layers, which coincides with the 

results in this study. The morphology of the inclined surfaces can be described as 

superimpositions of the governing effects of the final layer, perpendicular side face and the 

stair case effect and can be grouped as follows. 

In the 0° < Φ < 30° range, the surface morphology is mainly dependent on the stair case 

effect, thus, a significant surface roughness reduction can only be achieved by drastically 

reducing the layer thickness. This goes hand in hand with an increase in the fabrication time 

and the need of fine raw metal powder. Hence, in the comparison in Figure 2-27, the 

achieved surface roughness in the low inclination angle range is comparably poor due to the 

33% lower layer thickness applied in the reference study. 

In the 60° < Φ < 90° range, the surface roughness is dominated by the adjoined and partially 

molten powder particles. The employed raw powder in this study had an averaged particle 

diameter of 35.5 μm [5] and the resulting surface roughness of Ra, equalling 17 μm, 

coincided with halfway molten particles. Thus, in this range the surface roughness has a 

strong dependency on the powder particle size, coupled with the thermal influenced zone, 
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described by the contour irradiation parameters. Correspondingly, a roughness reduction in 

this range can be achieved by lowering the powder particle size as well. 

The intermediate range of 30° < Φ < 60° represents the transition area, moving from a strong 

stair case influence to a high dependency on adjoined powder particles. 

Relating back to the comparison in Figure 2-27, it could be concluded that the tendencies 

observed in this study represent a close match, considering the variation in the layer thickness 

(20 μm vs. 30 μm), which correspondingly results in the need of a finer powder. Given that 

fine powders have a very narrow tolerance regarding the powder particle diameter 

distribution, the powder particle dependent surface roughness becomes more homogenized 

due to the lack of peaks, described by the large particles. Thus, the spread of the surface 

roughness results was higher in this study, as it was the case in the reference. 

 

Figure 2-26: Surface morphology dependency of upwards orientated surfaces on the polar 
angle Φ 

(i)  Φ = 0° (ii)  Φ = 15° (iii)  Φ = 45° 

(iv)  Φ = 75° (v)  Φ = 90° 
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Figure 2-27: Surface roughness in dependency to the polar angle Φ; comparison with 
literature [6] 

2.3.3.2 Material related Challenges 

The fabrication of downwards orientated faces without support structure underneath was 

found to be more complex with 316L (1.4404), as it has been the case in previous studies 

with AlSi10Mg raw material [4,11]. In the first attempt, the configuration (c) samples were 

fabricated without support along the Φ = 135° surface, which resulted in warping issues and 

led to the necessity of additional support. Due to the fact that, in this instance, the challenge 

at hand has been related to thermal induced stresses and corresponding distortions, a 

modification of either the geometry of the specimens and/or the irradiation parameters can be 

appropriate actions as well. 

 
Figure 2-28: Occurred distortion due to arising thermal stresses 



 Page 114 

2.3.4 Conclusion 

Inclined surfaces fabricated with SLM follow clear tendencies regarding their morphology 

and the development with changing polar angles. Improvements on the surface roughness can 

be achieved by lowering the layer thickness and utilizing fine raw metal powders with narrow 

tolerances in the particle size, as far as improvements within the fabrication process15 are 

considered. Unfortunately, these optimization options reduce the economic feasibility of the 

process; decreasing the layer thickness drastically increases the fabrication time and choosing 

a finer powder increases the costs of the raw material. 
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Chapter 3.  

Mechanical Properties of Additively 

Manufactured Aluminium-Silicon Alloys 

This chapter is comprised of the undertaken investigations regarding the mechanical 

properties of selective laser melted aluminium-silicon. The main focus was to capture and 

document the anisotropic and inhomogeneous properties to comprehensively characterize the 

material behaviour and address the arising challenges by introducing SLM. AlSi10Mg was 

chosen for this comprehensive investigation due to the fact that it is inexpensive, highly 

suitable for the SLM process, less prone to the occurrence of thermal cracking and directly 

comparable to die-cast. In addition, there is a high present interest on this material for the use 

in lightweight designs. 

Different aspects were addressed in three published papers and one accepted manuscript, 

which are sequentially progressing in regard to the investigated field with the following 

investigated material characteristics: 

• surface hardness 

• tensile characteristics 

• fracture toughness 

• compressive characteristics 

and manufacture related impacts via the: 

• build height 

• dwell time 
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Abstract 

In recent years, additive manufacturing has gained importance, especially since the full 

melting of the raw material in the selective laser melting process enables the fabrication of 

directly deployable components. However, the multiple directional dependencies involved 

result in an anisotropic material behaviour. The raw material under investigation in this study 

was the precipitation-hardenable AlSi10Mg alloy, with the main focus on the positioning and 

inclination effects, which were studied on six characteristic orientations. In addition, the 

superimposed effects based on the surface condition and thermal post-treatments were taken 

into account. The examination contained: comprehensive tensile tests with strain gauges, 

detecting strains in two directions; detailed surface hardness investigations in various 

conditions; and micro-section investigations. Major direction dependencies were revealed and 

the tensile strength and the surface hardness results, coupled with annealing procedures, 

exhibited consistent results, explaining the encountered findings. The Young’s modulus 

varied between 62.5 GPa to 72.9 GPa with the Poisson’s ratio fluctuating between 0.29 and 

Reprinted with retained rights granted by ELSEVIER (https://www.elsevier.com/about/our-business/policies/copyright#Author-rights) 
This is the accepted version of the following article: L. Hitzler, C. Janousch, J. Schanz, M. Merkel, B. Heine, F. Mack, W. Hall, A. Öchsner, 
J. Mater. Process. Technol. 2017, 243, 48-61; which has been published in final form at [http://dx.doi.org/10.1016/
j.jmatprotec.2016.11.029]. 
The manuscript has been reformatted to meet the criteria of a dissertation under the Griffith University guidelines.
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0.36. Regarding the tensile strength, the UTS ranged from 314 MPa to 399 MPa with 

breaking elongations spanning from 3.2% to 6.5% in the non-heat-treated condition. 

3.1.1 Introduction 

Selective laser melting (SLM) belongs to the layer-wise, powder-bed based additive 

manufacturing technologies and is similar to selective laser sintering (SLS) regarding 

machines and equipment [1]. The distinction between these technologies is given by the 

binding mechanism of the powder particles and has been reported by Kruth et al. [2]. Due to 

the complete melting of the powder in SLM, this process is capable of manufacturing almost 

full dense parts within one manufacturing step. Extensive adjustments have been carried out 

in the last decade to optimize the SLM process towards obtaining full dense parts by 

modifying process relevant parameters. Its suitability for the production of high quality 

components has been proven for various materials by Yadroitsev, Smurov [3]. Considering 

the raw material AlSi10Mg, the process control optimization for SLM was undertaken by 

Kempen et al. [4] and Kempen et al. [5] by adjusting the applied laser power, scan speed and 

layer thickness in combination with a suitable scan pattern. Kleszczynski et al. [6] revealed 

the importance of these individual parameters in terms of the achievable mechanical strength. 

It has been shown that the energy density, calculated based on the irradiation parameters, is 

not sufficient for the characterisation of the irradiation process. Aboulkhair et al. [7] reported 

that the remaining porosity in AlSi10Mg components was a superimposition of metallurgical 

pores and keyhole pores, which varied in their ratio based on the selected process parameters. 

In addition, it was found that one option for a further increase in density was to expose the 

layer a second time, often referred to as laser re-melting. 

As the particular properties which determine the material’s suitability for the welding process 

differ between various raw materials, the optimization for the SLM production has to be 

material specific. In terms of aluminium based raw materials, Louvis et al. [8] reported the 

peculiarities which need to be overcome: the rapid creation of a protective oxide layer 

combined with its high reflectivity and heat conductivity. Following these initial 

optimizations, it was additionally found by Thijs et al. [9] that the occurring texture can be 

modified by the irradiation pattern applied, with minimal remaining anisotropy in the case of 

a perpendicular alternation of the scanning direction of subsequent layers. 

Based on the layer-wise manufacturing and its numerous directional dependencies, the 

fabricated components, at this point in time, cannot be considered as an isotropic material in 
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terms of mechanical properties [10]. This raises the issue of how quality in the context of 

material strength is measured for SLM fabricated parts. Good mechanical properties, in 

general, go hand in hand with a “defect-free” microstructure as well as grain size and 

orientation [11]. The applicability of this relationship in the case of laser beam melted 

material under tensile loading was proven by Kleszczynski et al. [6]. Thus, the obtained 

density is commonly used as the first indicator for quality. Another option, often employed 

for conventional bulk material, is the conclusion from the surface hardness to the mechanical 

properties of the material (e.g. German standard for conversion of hardness values to ultimate 

tensile strength for steel DIN 50150:1976-12). Hence, surface hardness appears also to be a 

promising characteristic to ensure quality. However, as the applied laser parameter sets and 

the thermal environment present in the SLM process differ between core and contour, the 

approach to directly relate the surface hardness results to the overall mechanical properties 

needs to be proven first. 

Shifting the focus back to the inherent anisotropy of SLM fabricated components, one major 

influencing factor was found to be the build direction during fabrication. Kempen et al. [12] 

and Buchbinder et al. [13] investigated the tensile strength of AlSi10Mg on samples 

fabricated in-plane and in build direction. Both studies revealed an enormous variation of the 

breaking elongation, which was reduced by roughly 40% for the in build direction orientated 

samples, and just minor deviations in the ultimate tensile strength. In addition, Manfredi et al. 

[14] showed that the alignment in plane is negligible in terms of tensile strength. Aside from 

the static properties, Brandl et al. [15] revealed that the high cycle fatigue strength also 

differed based on the build direction and the studies from Dai et al. [16] and Dai et al. [17], 

which were based on Ti6Al4V, documented that even the corrosion properties altered with 

the alignment. 

The build direction is by far not the only parameter affecting the SLM process. The thermal 

environment has also been reported to have a significant impact on the obtained mechanical 

properties. The variation of mechanical properties of AlSi12 in terms of different build rates, 

preheating temperatures and post-heat-treatments was studied by Siddique et al. [18]. It was 

emphasized that the highest tensile strength was obtained without additional heat input, such 

as substrate plate heating or stress relieving. The effect of grain coarsening, followed by a 

decrease of hardness, caused by preheating of the substrate plate was reported by Buchbinder 

et al. [13] for AlSi10Mg. Although the base plate heating favoured a coarser microstructure, 

it was found to be a promising parameter to control the resulting microstructure and to 
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eliminate process related defects. However, above a certain temperature the increasing 

solubility of gases in the melt was reported by Buchbinder et al. [19] as a detrimental effect in 

regard to the achievable density. It was implied by Weingarten et al. [20] that the remaining 

porosity was partially caused by entrapped gas, likely to be hydrogen, resulting from 

dissolved water in the raw aluminium powder. Thus, the influence of drying the powder 

before the consolidation process was studied and a positive effect on the resulting density was 

reported. A further factor influencing the SLM process is the type and purity of the inert gas 

atmosphere. Consequently, the deviations of the tensile properties and porosity of AlSi12 for 

nitrogen, argon and helium atmospheres were examined by Wang et al. [21]. It was found 

that nitrogen and argon were similar, whereas helium reduced the ductility accompanied by 

an increase in porosity. Another aspect is the feasibility of manufacturing inclined and 

downfacing areas without support structures, which has been investigated by Mertens et al. 

[22]. 

In addition, selective laser melted components can be treated similarly to casted ones, thus, 

there is a variety of certified thermal procedures available. Given this, for Ti6Al4V it was 

reported by Cain et al. [23] that the remaining anisotropy could be lowered by employing 

subsequent heat-treatments. In terms of aluminium based cast-alloys, when undergoing a post 

heat-treatment, a further increase in hardness was reported by Buchbinder et al. [19] as well 

as Kempen et al. [5]. However, it was found by Buchbinder et al. [24] that the impact on the 

hardness was dependent on the substrate plate heating during manufacturing. In the case of 

fabrication without preheating, the post heat-treatment resulted in a decrease in surface 

hardness. Li et al. [25] reported that the major advantage of post-heat-treatments on a 

selective laser melted aluminium based raw material is the enormous gain in ductility, up to 

25%, but to the costs in yield and ultimate strength. The solution annealing process was 

described leading to a homogeneous distribution of the Si particles in the microstructure, 

whereas Prashanth et al. [26] examined an inhomogeneous microstructure evolution and clear 

tendencies between scan track cores and hatch overlaps. 

To sum up, the review of previous studies reveals high fluctuations of mechanical material 

properties and various process induced causes for anisotropy and therefore, further 

investigations need to be undertaken. 

This study extends previous research on directional dependencies of SLM fabricated 

components by taking an increased number of alignments into account. Deviations between 
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orientations and inhomogeneities within individual samples were examined. Tensile testing 

was carried out with attached strain gauges to gain further insight into the material behaviour 

regarding its deformation. Moreover, tendencies in the tensile strength were directly linked 

with the fluctuations present in the surface hardness. 

3.1.2 Methodology 

3.1.2.1 Manufacturing Conditions 

Within this study, a SLM 280HL machine (SLM Solutions GmbH, Lübeck, Germany) 

equipped with a 400 W Yb-fibre-laser and an available build space of 280 x 280 x 320 mm³ 

was utilized. Nitrogen was employed as the inert gas and the temperature of the mounting 

plate was kept constant at 200°C throughout the entire manufacturing process. It needs to be 

highlighted that the substrate plate temperature is controlled on the mounting plate 

underneath, on which the removable substrate plate is tightened down (Figure 3-1). Thus, the 

exact predominant manufacturing temperature, via the connection to the substrate plate and 

the thermal coupling to the specimen by the support structure and/or powder-bed, is uncertain 

and differs depending on the manufacturing time and the gain in build height. To address this 

issue, the powder-bed temperature was experimentally determined at 10 mm above the 

substrate plate, where a resulting constant temperature of 130°C after transient effects was 

measured. 

The raw AlSi10Mg powder was supplied by SLM Solutions and its properties were reported 

in a previous study [10] (see Chapter 2.1). Similarly, the achieved density for the parameter 

set applied (Table 3-1) has been reported with an average relative density of 99.5%. At this 

point, it should be noted that multiple irradiation settings are necessary within the SLM 

process to meet the varying requirements. Simply, this is because the major differentiations 

are related to the disparate governing requirements, i.e. the high relative density for the core 

and the good surface finish for the contour. In regard to the necessary support structure, only 

the block type, i.e. a honeycomb scaffold with open pores and characteristic saw-tooth-like 

connectors towards the substrate plate and specimens, was applied and the supported areas 

were reduced to a minimum. Thus, the environmental conditions were similar for most of the 

inherent faces of the samples and mainly governed by the surrounding powder-bed. The 

distance between the component to be manufactured and the substrate plate was set to 5 mm 

and the layer thickness was set to 50 μm. 
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Figure 3-1: Manufacturing environment and powder-bed temperature at 10 mm build height 

Table 3-1: Parameter sets utilized for irradiation in SLM for processing AlSi10Mg 

 
Scan speed 

[mm/s] 
Laser 

power [W] 
Hatch 

distance [mm] 
Scan vector 
length [mm] 

Rotation angle 
increment [°] 

Contour 600 350 - - - 

Core 930 350 0.17 10 90 

Final layer 850 350 0.15 10 - 

Contour offset 600 350 - - - 

Support 900 350 - - - 

3.1.2.2 Geometry and Postprocessing Procedure 

The tensile samples were designed in accordance to the German standard DIN 50125:2009-

07 as flat specimen type E 5 x 10 x 40 and produced with an oversize of 0.4 mm in width and 

thickness. As preparation for the tensile testing procedure, the specimens were milled to 

obtain the final shape and the required surface quality. Moreover, this machining step ensured 

equal conditioning in terms of the inherent sample surfaces, regardless of their orientation in 

the SLM process. Hence, the surface quality dependency based on the inclination and 

orientation of the individual sample within the fabrication (see Chapter 2.1 [10]) was 

removed as an influencing factor for crack initiation and propagation, which was reported by 

Sehrt, Witt [27] to have a significant impact on the tensile strength. In a further step, the 
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surfaces were manually ground to remove the distinctive and unidirectional manufacturing 

tracks caused by the milling process and to ensure a proper preconditioning of the surface for 

the strain gauges. 

3.1.2.3 Positioning and Inclination 

In order to gain knowledge about the orientation and inclination influence, six different 

representative orientations were considered (Figure 3-2). Their corresponding angles and the 

grouping in individual manufacturing jobs are summarized in Table 3-2. 

 
Figure 3-2: Configurations and nomenclature: (i) schematic depiction of the chosen 
configurations in the build space; (ii) comparison of the affected heights of the inclined 
configurations (d) and (e); (iii) applied nomenclature for the description of surface 
orientations 
  

(i) 

(ii) 

(iii) 
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Table 3-2: Summary of positioning details for all considered configurations, grouping of 
individual manufacturing jobs and corresponding time per job 

Configuration Polar angle  αXY; Φ Azimuth angle  αX16; Θ Job Total runtime 

(a)  0° 0° 1 20.0 h 

(b)  0° 0° 2 20.5 h 

(c)  0° 90° 

3 38.0 h 
(d)  45° 0° 

(e)  45° 0° 

(f) 
(f.1) 90° 0° 

(f.2)17 90° 45° 4 33.0 h 

*Slight deviations from 0° and 90° angles were introduced for the azimuth angle to improve the recoating 
process by ensuring that its blade does not abruptly hit the entire edge at once. 

3.1.2.4 Material Testing 

• Tensile test 

For the destructive material tests, a tensile test machine (Zwick/Roell, Ulm, Germany) with a 

maximum load of 100 kN, equipped with a corresponding load cell, was utilized. The tensile 

test was carried out in accordance to the German standard DIN EN ISO 6892-1:2009-12 with 

a crosshead speed of 5 mm/min. In addition to the pure crosshead movement, the elongation 

of the specimen was measured with an inbuilt extensometer and its selected initial distance 

was set to 50 mm. For the tensile evaluation, a set of six samples per configuration was 

analyzed and out of these, two samples each were equipped with an additional strain gauge 

(Type 1-XY13-1.5/350, Hottinger Baldwin Messtechnik GmbH, Darmstadt, Germany), 

comprising two individual measurement grids (MG) in perpendicular arrangement to each 

other (each with a size of 1.5 x 1.5 mm2). 

• Surface Hardness 

For the evaluation of the surface hardness the Brinell approach with the following settings 

was carried out; sphere diameter of 2.5 mm, applied load of 62.5 kg and dwell time of 15 s. 

The employed hardness testing machine (Briviskop 187.5, Georg Reicherter GmbH & Co. 

KG, Esslingen a. N., Germany) was operated manually and it was ensured that the 

                                                 
16 As the representative counterpart to the global coordinate system, the longitudinal axis (configuration (a) to 
(e)) and the width axis (configuration (f)) of the specimen was used to describe the direction in space. 
17 Two sets of the configuration (f) samples, referred to as (f.1) and (f.2), were fabricated due to the fact that the 
first set of samples exhibited some defects in the upmost part of the upper clamping area. Due to the findings 
related to the in plane orientation available at this point, the orientation of the second set (f.2) in regard to the 
recoater path was adapted to allow an extended range of investigations. 
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indentations were performed in locations with sufficient distance to both the edges and 

neighbouring indentations. For the evaluated samples to be utilized in further investigations, 

the hardness testing was limited to the clamping areas. As a direct consequence of the 

intended comparison between core and contour material properties, the hardness testing was 

carried out on as-built and machined (post-milling) specimens. The nomenclature outlined in 

Figure 3-2 is applied to characterize the results. 

3.1.2.5 Post Heat Treatment 

In order to further investigate deviations in the mechanical properties depending on the build 

height, two machined configuration (f.2) samples were subject to additional heat-treatments. 

One directly underwent a stepwise thermal aging procedure at 170°C for a total of 18 h, 

whereas the other underwent a prior solution annealing treatment at 530°C for 8 h. This 

particular solution annealing is known, according to the well-established heat-treatment of the 

die-casting alloy, to affect only the precipitations, while the grain size of the microstructure is 

maintained. Aboulkhair et al. [28] reported a significant grain coarsening occurring even at 

lower solution annealing times for selective laser melted AlSi10Mg, coupled with a vanishing 

of the single scan track marks. 

3.1.3 Results and Discussion 

3.1.3.1 Tensile Test 

Without reviewing the recorded data, a conspicuous effect was revealed by the area of failure 

occurrence (Figure 3-3). Configurations (d), to (f)18 showed a distinctive tendency towards 

failing on the top end of the specimen, which was fabricated last during production; hence, 

indicating a decrease in material strength with increasing build height (z-direction in Figure 

3-2). This trend was evident for 92% of the tested samples out of these three height-

dependent configurations. Taking the two extrema as representatives, i.e. configuration (a) 

and (f), it could be concluded that in the case of a rather limited build height the failure 

occurred randomly, which could be seen as a distinctive indicator for a homogeneous 

microstructure and arbitrary spread imperfections throughout the specimens.  

In addition to the major distinction in z-direction, there were also minor tendencies present in 

the xy-plane. By reviewing the area of failure occurrence of the in plane orientated samples 

(i.e. configurations (a) to (c)) the tendency for failure occurred towards the end of the 
                                                 
18 Configuration (f) includes the subgroups (f.1) and (f.2). 
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specimen which was close to the middle of the substrate plate during manufacturing. This 

behaviour holds for both the back-door (x-axis) and left-right (y-axis) direction and was 

evident for 67% of configuration (a), 67% of configuration (b), and 83% of configuration (c) 

samples. These findings can be explained by the heat accumulation effects in the powder-bed, 

acting as a heat reservoir as the thermal conductivity of the powder-bed is substantially lower 

than the thermal conductivity of solid material, like the surrounding solid steel cave [29], 

which dominates the thermal environment towards the build space boundaries. Hence, an 

inhomogeneous temperature distribution in the xy-plane arises, resulting in a hot spot towards 

the middle area of the substrate plate, the emphasis of which increases with increasing build 

height as the effect of temperature regulation, driven by the controlled mounting plate (Figure 

3-1), decreases. Such an inhomogeneous in plane temperature profile was measured by 

Wegner, Witt [30] with thermal imaging. At this point, it should be mentioned that for the 

configuration (c) samples the interlaced placing in the middle area could also have favoured 

this distinctive failure occurrence (the size of the substrate plate is less than twice the sample 

length; hence an overlap of approximately 1.5 cm occurred). 

 
Figure 3-3: Tested AlSi10Mg flat tensile samples, location of failure, configurations (a)-(f) 

(a) (b) (c) 

(e) (f.1) 

(f.2) 

(d) 



 Page 127 

After reviewing the area of failure occurrence, the following section is dedicated to the 

recorded data during the tensile tests (Figure 3-4, Table 3-3). It was evident that the 

configurations with low build height and layer-orientation parallel to the loading direction 

(i.e. configurations (a) to (c)) exhibited the highest tensile strength and ductility. Aligning the 

layer orientation under a 45° angle to the loading direction resulted in very low strength with 

moderate ductility. This behaviour is directly related to the coincidence of the layer 

orientation with the maximum shear forces, which occur under a 45° angle to the tensile load, 

and hence, favour sliding and fracture between adjoining layers. The lowest ductility was 

evident for the perpendicular orientation of layer versus loading direction. At this point it 

should be mentioned that Rehme, Emmelmann [31] reported for stainless steel samples that 

the lowest results for both the ultimate tensile strength and the breaking elongation occurred 

under a 75° angle to the substrate plate, whereas the maximum values were examined under a 

15° angle. 

An interesting question regarding the deviations between configurations (b) and (c) aroused, 

as the needed space and the build height during manufacturing were equal and both 

configurations had, in their loading versus layer orientation, the same initial state. The only 

difference between these two configurations was the variation in the orientation of the 

longitudinal axis of the specimens in the xy-plane (Table 2-3). Given this, the deviations can 

be explained by two19 possible causes. Firstly, the change of the applied irradiation pattern, 

which in general starts for each individual cross-section on the left-door-edge and moves 

along the cross-section to be irradiated onwards in various directions (the irradiation direction 

is rotating by an angle increment after each layer). This leads to dissimilar segment sizes of 

the single irradiation islands when comparing the circumstances for configurations (b) and 

(c). Secondly, the dissimilarities in the environmental conditions caused by the inert gas 

stream above the powder-bed, flowing from the right-hand towards the left-hand side of the 

substrate plate, induce inhomogeneities in the surface condition and the thermal environment 

[10,32]. In other words, the changes in the orientation within the xy-plane cause a 

corresponding adaption of the applied irradiation pattern, which results in a dissimilar 

sequence of single irradiated sub-areas with adjusted sizes. In addition, the unidirectional 

influences in y-direction induce an inhomogeneous surface condition, mainly governed by the 

distribution of the welding splashes and occur for each single layer irradiated; thus, affecting 

                                                 
19 The recoater movement in x-direction represents another cause, but based on the surface hardness distribution 
results the deviations in x-direction appeared to be negligible. 



 Page 128 

the subsequent recoating and irradiation process. The unidirectional inert gas flow arouses 

not only an inhomogeneous surface condition, but also causes an inhomogeneous 

temperature, which leads to dissimilar corresponding cooling rates. In combination these 

impacts result in the evident dissimilarities between configurations (b) and (c). 

 
Figure 3-4: Stress-strain diagrams for AlSi10Mg flat tensile samples, configurations (a) to (f) 
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Table 3-3: Averaged results for the mechanical properties, tensile test in accordance to the DIN EN ISO 6892-1:2009-12 with a crosshead speed 
of 5 mm/s, referring to the strain values obtained from the extensometer, non-heat treated condition, tested at room temperature 

Configuration 
Young's Modulus 

E [GPa]20 
Yield strength 

Rp0.2 [MPa] 
Ultimate tensile strength 

Rm [MPa] 
Elongation at failure 

At  [%] 

Poisson's 
ratio 
ν [-]21 

Average STDEV Average STDEV Average STDEV Average STDEV Average 

(a)  72.322 2.995 206.74 4.419 366.43 12.506 6.12 1.096 0.2901 

(b)  72.888 1.179 241.15 5.697 399.10 7.330 6.47 0.361 0.3205 

(c)  71.715 1.146 222.83 9.301 360.27 10.442 5.33 0.457 0.3619 

(d)  65.640 3.515 188.15 7.038 330.11 10.385 4.47 0.152 0.3235 

(e)  69.515 2.303 179.71 8.313 314.32 7.236 3.97 0.449 0.3448 

(f) 
(f.1) 70.422 2.686 208.57 16.942 357.49 19.600 3.15 0.080 - 

(f.2) 62.560 3.728 198.13 13.635 344.73 20.564 3.20 0.189 0.3040 

SLM Solutions 
Brochure[33] 64 ± 10 227 ± 11 397 ± 11 6 ± 1 - 

Die-cast [34] 71 172 324 3 - 

                                                 
20 A fitted line approach was performed, which considered the area after the initial settlement up to a maximum stress of 100 MPa. 
21 Sample size was at this point too low for deducing a reasonable standard deviation for Poisson’s ratio. 
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These in-plane inhomogeneities also explain the evident scatter in the fracture elongation of 

configuration (a). Given the fact that based on their particular alignment the entire space in 

the xy-plane was required for the production these samples superimposed all present in plane 

deviations, leading to a massive scatter in their ductility. 

Another interesting finding is the dependency of Young’s modulus on the layer-orientation 

(Figure 3-5), which is amongst the most important material parameters for the 

characterization of a material and necessary to describe the material behaviour within the 

linear-elastic range [35]. These results have proven that within the SLM process the material 

stiffness can be modified not only via adjusting the density of the component, but also by 

changing the orientation during manufacturing [36]. One remarkable discovery regarding the 

Young’s modulus distribution was the discrepancy obtained within the configuration (f) 

samples between (f.1) and (f.2). By simply rotating the samples by 40° in the xy-plane (Table 

3-2) the Young’s modulus dropped from 70 GPa (f.1) to 63 GPa (f.2). Based on the perfect 

match of all other characteristics, this discrepancy in the obtained Young’s modulus could 

only be explained in the deviations of the applied irradiation pattern, which changed due to 

the rotation of the cross-sections. Both sets of the configuration (f) samples were produced in 

the right-back-sector on the substrate plate (Figure 3-2), were equal in their build height and 

similar in regard to the total manufacturing time (Table 3-2). 

Figure 3-5: Young's modulus dependency of AlSi10Mg for tensile loading in regard to the 
orientation during the SLM process; different for compressive loading22  

Leaving the results obtained from the pure tensile testing (i.e. elongation measured by the 

extensometer and stress obtained by the load cell divided by the samples cross-section), the 

22 Due to the fact that compressive loading tends to close inherent imperfections the Young’s modulus is 
anticipated to differ [37]. 
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data recorded for the attached strain gauges was then analysed. The examination of Poisson’s 

ratio was limited to the linear elastic range (i.e. the area where Hooke’s law is applicable). 

Under consideration of both evaluated samples per configuration23, a representative value for 

Poisson’s ratio was obtained (Table 3-3). At this point, it should be mentioned that out of the 

twelve conducted measurements three exhibited results for Poisson’s ratio outside the 

realistic range, in particular higher than 0.5. A Poisson’s ratio above 0.5 is physically 

impossible as the idealized range spans from zero (no contraction) to 0.5 (constant volume) 

[38]. Hence, these results had to be excluded and thus, the stated results for the configurations 

(a), (d) and (f.2) were drawn from one valid measurement per configuration only. One 

possible explanation for the invalid measurements might have been an occurring interaction 

of neighbouring layers, scan tracks or irradiated islands, leading to local discrepancies which 

affected only one of the two independent MG’s and hence, leading to an invalid ratio. 

However, at this stage the cause for this instance has not been safely identified. 

The longitudinal orientated MG represents, in addition to the extensometer, another reliable 

method for obtaining the elongation of the specimen. Based on the logged data the agreement 

of the strain for 1.5 mm (MG) and 50 mm (extensometer) initial length was analyzed and the 

strain values obtained from the extensometer were in general higher than those recorded by 

the MG. Considering the likelihood of inbuilt imperfections and the summation effects over 

the length, coupled with the volatility of the Young’s modulus to inherent voids (Young’s 

modulus decrease with increasing voids [35]), it can be concluded that the tendency between 

the two recorded strains is as follows. The smaller the considered range, the lower is the 

influence of the globally spread imperfections. As a consequence the material appears stiffer 

and the recorded strain is accordingly smaller. 

3.1.3.2 Fractured Surfaces 

The optical evaluation of the tensile samples after rupture showed, on many specimens, the 

presence of further cracks (Figure 3-6). It is assumed that these cracks were initiated by 

inherent imperfections on, or close to, the surface of the samples. In a previous study 

(Chapter 2.1 [10]), it was reported that underneath the surface of side faces (i.e. surfaces 

perpendicular to the xy-plane) an increased pore-density was evident, located between 0.2 

mm to 0.4 mm underneath the surface. This increased porosity could be explained based on 

the applied irradiation strategy, where the contour was irradiated first and hence, resulted in a 

                                                 
23 Except for configuration (f.1). 
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lack of raw powder in the neighbouring areas, leading to a decrease in the size of adjoining 

scan tracks as reported by Yadroitsev, Smurov [39]. As a result, the fabricated layer varied in 

its height and led to deviations in the thickness of the subsequent applied powder layer, 

causing variations in the subsequent melting and consolidation process and increased the 

likelihood of voids. Another reason is the impact of deviations occurring per single scan track 

line, in particular in its beginning and end. Similar to the conventional welding process, the 

present thermal environment on these critical areas differs from the environment present 

during the continuous, unbroken welding process, hence favouring defects, which are in SLM 

often named as keyhole pores [40]. When considering the coalescence of both effects (i.e. the 

lack of material caused by the, at first, irradiated contour area, combined with the favoured 

defects by the starting and ending scan tracks of the core irradiation which interacts with the 

contour scan tracks) it could be concluded that, in terms of the occurrence of voids and the 

corresponding crack initiation and failure mode, the transition area from core to contour was 

of high importance. These observations coincided with the findings reported by Aboulkhair et 

al. [41], which stated that the crack initiation started at defects on or close to the surface. 

Hence, it could be concluded that the chosen oversize in this study should be adjusted in the 

future.  
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Figure 3-6: Cracks initiated by inbuilt imperfections: (i) cracks on the front face on a 
configuration (c) sample; (ii) evident pores on the machined side face of a configuration (e) 
sample; (iii) small cracks distributed over the entire side face of a configuration (d) sample 

The evident deviations in the appearance of fractures are exemplified in Figure 3-7. In 

particular, for the configuration (f) samples, the fractured surface inhabited shiny areas 

arranged in a rectangular shaped border strip. In addition, the fracture path and the fracture 

angle differed in the contour area, hence leading to a heterogeneous fracture pattern. Further 

investigations will be undertaken to elucidate these findings and their causes. 

(i) (ii) 

(iii) 
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Figure 3-7: Evident deviations between the contour and the core area: (i) configuration (f.1), 
transition area between core and contour inhabited numerous shiny areas arranged as a 
rectangular border; (ii) variation of the topography, change in the angle of rupture on a 
configuration (d) sample 

3.1.3.3 Surface Hardness 

• As-built and machined surface condition 

Based on the undertaken investigations it could be concluded there were global deviations 

(i.e. deviations in the surface hardness dependent on the considered sample orientation and 

surface condition) and local deviations (i.e. deviations in the surface hardness between 

opposing sides or along the longitudinal axis of the individual samples) present. The global 

surface hardness results are given in Table 3-4 and represent the averaged hardness values per 

configuration for both considered cases (i.e. as-built and machined surface condition). Out of 

this it could be reasoned that the global surface hardness appeared to be sensitive to the build 

height; the configurations with increased build height (i.e. the configurations (d) to (f)) 

revealed a decreased averaged surface hardness.  

(i) (ii) 
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Table 3-4: Averaged global surface hardness24 in relation to the condition and configuration, 
AlSi10Mg, non-heat-treated condition 

Configuration 
Average Brinell hardness [HBW] Standard deviation [HBW] 

machined as-built machined as-built 

(a)  117.9 130.625 7.379 9.578 

(b)  122.0 120.5 4.248 4.758 

(c)  112.1 111.8 4.432 3.251 

(d)  104.7 104.5 10.288 13.540 

(e)  109.4 105.1 4.985 6.403 

(f) 
(f.1) 106.4 104.1 11.741 10.732 

(f.2) 106.1 101.4 8.799 9.359 

SLM Solutions Brochure[33] 117 ± 1 [HV 10] 

Die-cast - [34] 75 

Given the fact that the global average neglects the local deviations within the configurations, 

finer differentiations are necessary to reveal the influences based on the orientation and 

positioning. Following this, remarkable deviations were revealed between the hardness values 

for the UOF and DOF (Figure 3-8i). Taking configuration (a) as an example, where the 

height influence could be truly neglected (5.4 mm distance of the opposing faces), the surface 

hardness showed a massive variation. It should be mentioned that in this particular case, it 

could be argued that the continuous coverage of the DOF by the support structure and the 

final layer irradiation parameter set (Table 3-1) applied to the UOF caused this major 

deviation. However, taking configuration (d) into account, it exhibited a similar tendency 

between the UOF and DOF, even though in this second case the DOF were produced without 

an additional support structure underneath and both considered surfaces for configuration (d) 

were produced by applying the contour parameter set26. Thus, the deviations in the 

manufacturing environment present for configuration (a) were not present for configuration 

(d), but the deviations in the hardness values remained. In addition, another discrepancy was 

that the surface hardness obtained for the UOF for both considered configurations (i.e. (a) and 

(d)) appeared to be higher in the as-built surface condition. This finding contradicted the 

                                                 
24 The global hardness describes the average surface hardness of all measured areas of the individual sample. 
25 The as-built condition for configuration (a) only comprises the UOF. 
26 The contour and contour offset parameter set (Table 3-1) were specified as equal; hence, there is no deviation 
in the applied irradiation energy density present, regardless of the occurring overlap or overhang of any two 
subsequent cross-sections. 
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correlation between the as-built and machined surface condition regarding their change in 

hardness, which was present in almost all other cases. 

 
Figure 3-8: Brinell hardness in relation to the surface orientation and position per individual 
configuration, grouped into three representative charts; (i) upwards and downwards facing, 
(ii) perpendicular to the xy-plane, (iii) differentiation based on build height 

Next, the configurations (b), (c) and (e), which were all sequentially generated in their width-

direction, exhibited remarkable deviations (Figure 3-8ii) in both in plane directions (x and y-

axis). The distinction needs to be made in regard to their orientation for the longitudinal axis, 

because it affected hardness and tensile strength. Configurations (b) and (c) both showed a 

high dependency along the y-direction27 (left-right) and just minor deviations along the x-

direction (back-door, translation of recoater), which were found to be negligible. At this stage 

it should be noted that a similar tendency was evident for configuration (e), but due to the fact 

that, in this instance, the evaluation along the x-axis also involved a change in regard to the z-

axis (build height), the examination of deviations in the xy-plane was conducted based on 

                                                 
27 The possible causes for the present deviations in y-direction are addressed in the tensile test section. 

(i) (ii) 

(iii) 
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configurations (b) and (c). As mentioned, the major deviation in the xy-plane was evident in 

the y-direction, which correlated with the longitudinal axis of the configuration (c) samples. 

Hence, it could be concluded that for the configuration (c) samples, a more emphasized 

deviation per single sample was present than it was for the configuration (b) samples; thus, 

leading to an increased likelihood of a weakened sector within the individual samples and 

resulting in an overall lower tensile strength (Table 3-3). In addition, the overall hardness of 

the configuration (b) samples was higher than for the configuration (c) samples, regardless of 

the considered surface or area, indicating a higher strength. Therefore, it can be concluded 

that by altering the samples orientation from configuration (b) to (c), both the tensile strength 

and the surface hardness decreased and an increased likelihood of inhomogeneous material 

properties was induced.  

Lastly, the relation of the hardness to the build height was taken into account (Figure 3-8iii). 

For all height-dependent configurations (i.e. (d), (e) and (f)) a similar tendency was evident; 

that is, with increasing build height the surface hardness decreased, regardless of their 

condition. Thus, as configuration (f) inhabited the maximum build height, those samples 

correspondingly exhibited a more emphasized drop in hardness. Given the fact that in the 

tensile test evaluation all three considered configurations showed a failure occurrence in the 

top region, it could be concluded that the hardness results accurately matched the findings 

from the tensile tests. 

As well as deviations occurring dependent on the height (z-axis) there were also deviations 

present between the configurations in similar heights. Due to the additional inclination angle 

of the configuration (d) and (e) samples it could be concluded for configuration (d), which 

exhibited in comparison the lowest surface hardness, that the transition from side faces (i.e. 

perpendicular to the xy-plane) to UOF and DOF favoured this decrease. In particular, the low 

hardness values obtained on the DOF led to the drop in hardness. For configuration (e) the 

cause is yet to be identified. It is assumed that the increased individual cross-section area, due 

to the 45° inclination angle and the correspondingly higher amount of energy employed per 

single irradiation, led to a variation in the solidification rate and thus, modified the 

microstructure present for the inclined configurations (d) and (e) in relation to configuration 

(f). 

One cause for the major deviations in the surface hardness, which occurred in build direction 

(z-axis), could be the variation in dwell time between the top (fabricated last) and the bottom 
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region (fabricated first). In the case of configuration (f) samples the time delay between the 

opposing clamping areas was approximately 30 hours (Table 3-2). Under the 130°C thermal 

environment in the bottom area (Figure 3-1), ensured by the regulated mounting plate, the 

material in the bottom area underwent a thermal treatment during the manufacturing process, 

causing an increase in the material strength (i.e. tensile strength and hardness). This finding 

would match the hardness increase of SLM fabricated AlSi10Mg caused by thermal aging (6 

h at 175°C), as reported by Kempen et al. [5]. However, at this stage it should be mentioned 

that a different finding has also been reported. Buchbinder et al. [13] reported decreased 

hardness caused by preheating of the substrate plate, with the lowest hardness results in the 

bottom area. In order to investigate this instance further, an additional heat-treatment was 

performed on the configuration (f.2) samples. 

• Effects of Post Heat Treatment 

The AlSi10Mg aluminium alloy is a typical under-eutectic precipitation hardenable die-

casting alloy. For the 3-dimensional laser melting tests described in this paper, the melt of 

this alloy was gas-atomized, resulting in a raw powder with spherical particles with a mean 

diameter of 37 μm [10]. For reference purposes specimens were fabricated without substrate 

plate heating (the temperature of the mounting plate was kept constant at room temperature 

(25°C)), which led to an overall higher hardness and similar results for the top and bottom 

areas of 134 HBW on average. The high hardness of 134 HBW resulted from the 

supersaturated solid solution, which staid stable even when the powder was laser melted. 

Heating the powder up to roughly 130°C reduced the solid solution contribution and started 

the precipitation hardening process, which results in a lower Brinell hardness. It should be 

noted that for the magnification of the thermal post-processing effects, configuration (f.2) 

samples with high deviations in their hardness have been selected, which in particular have 

had an average hardness of 92 HBW in the top and 112 HBW in the bottom area. The 

hardness of the bottom part was higher than in the top part due to the reduced effectiveness of 

the heated mounting plate in the top region and consequently resulted in the less developed 

precipitation hardening process in the top area. Thus, the height dependent configurations 

(i.e. configuration (d) to (f)) exhibited a higher hardness in the bottom area and in the tensile 

tests a predominant failure occurrence in the top region. Giving an additional heat-treatment 

at 170°C, the hardness for the top part rose from 92 HBW to about 114 HBW within less than 

1 h (Figure 3-9i), meaning that the precipitation hardness process continued very effectively. 
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On the contrary, the same heat-treatment slightly reduced the hardness for the bottom part 

from 112 HBW to about 107 HBW within roughly 1 h. When continuing the heat-treatment, 

the hardness came back to 110 HBW. In the last discussed case the hardness changes were 

less dramatic as the precipitation hardening process had already been effectively developed 

during the sample fabrication process. 

Considering the specimen, which was built up on a mounting plate with 200°C (equalling a 

130°C powder-bed temperature), a full conventional heat-treatment with a solution annealing 

at 530°C over 8 h followed by a water quenching and a final precipitation annealing at 

170°C, resulted in a Brinell hardness time dependency according to Figure 3-9ii. The 

segments are named under-aged, peak-aged and over-aged (Figure 3-9iii) and are well known 

from the literature [42]. The top hardness runs to 98 HBW which is in correspondence with 

the literature. In general, the agreement of the hardness over time development for both the 

top and bottom part of the solution annealed sample revealed the consistence of the SLM 

progress over varying heights. 

 
Figure 3-9: Brinell hardness dependency on annealing time at 170°C for (i) untreated and (ii) 
solution annealed and water quenched configuration (f.2) samples, considered samples were 
fabricated with a 200°C mounting plate temperature; (iii) stages in the precipitation-
hardening procedure 

(i) (ii) 

(iii) 
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The difference between 110-114 HBW (laser melted specimen on a mounting plate with 

200°C and additional precipitation hardening heat-treatment at 170°C) and 98 HBW (laser 

melted specimen on a mounting plate with 200°C, solution annealing at 530°C, water 

quenching and additional precipitation hardening heat-treatment at 170°C) can be explained 

by the higher effectiveness of the solution annealing in gas-atomizing on one hand and the 

lower effectiveness of the conventional solution annealing on the other hand. 

3.1.3.4 Microstructure 

The micro-section evaluation revealed major deviations in the morphology (Figure 3-10). It 

should be noted that the depicted micro-sections refer solely to samples in the machined 

surface condition. For the configuration (a) a major change in the microstructure between the 

UOF and DOF was evident. The coarser microstructure led to the comparably low surface 

hardness results obtained and thus, explained these findings. Considering this, it was apparent 

that the chosen block type support structure was not capable of dissipating the heat energy 

fast enough to obtain the fine microstructure in the initial layers, as was the case once 

sufficient solid material was present underneath the layer to be consolidated. Based on the 

examination of the DOF of the configuration (d) samples, which were fabricated without 

additional support structure, it could be concluded that solid material underneath or in case of 

the overhanging areas present nearby, absorbed and dissipated the heat energy quickly, 

resulting in a finer microstructure. Interestingly, the microstructure of the DOF of 

configuration (d) appeared to become finer in the top region, hence indicating that the 

solidification rate increased with increasing build height. Given this, it can be reasoned that in 

the present case the predominant powder-bed temperature decreased even further with 

increasing build height. However, the refinement of the microstructure could not compensate 

the gain of material strength and hardness related to the ongoing precipitation hardening in 

the bottom area, nor was a deviation in the hardness results of the solution annealed samples 

between the top and bottom area noticeable.  
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Figure 3-10: Microstructure in relation to face orientation and height: (i) UOF of 
configuration (a); (ii) DOF of configuration (a); (iii) DOF-bottom of configuration (d); (iv) 
DOF-top of configuration (d); and for comparison the (v) LOF and (vi) ROF of configuration 
(b)  

Taking configuration (b) into account, which exhibited the best tensile strength results, the 

microstructure appeared to be superior in comparison. The reason for this was found in the 

particular constellation, the regions with coarse microstructure, which were fabricated first, 

were limited to the first couple of layers and solely located in the clamping areas, thus, not 

affecting the tensile strength and hardness measurements. Due to the presence of the solid 

material, with its beneficial impact on the thermal environment, the microstructure in the 

(ii) (i) 

(iv) (iii) 

(vi) (v) 
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evaluated areas was of better quality. The constellation of the configuration (c) samples was 

similar, but based on the additional factors28, caused by the varying orientation in plane, their 

overall quality differed. 

3.1.3.5 Agreement with other results 

In order to categorize and compare the mechanical properties found in this study a 

comparison with other results related to AlSi10Mg is given in Table 3-5. It needs to be noted 

that the various research groups have utilized varying equipment and settings for the 

processing of raw AlSi10Mg powder. To address this issue, the major process parameters 

applied in each study are also stated. Based on the volatility of the material parameters to 

manufacturing conditions and the environment present, as outlined in the introduction, the 

results are not directly comparable. Nevertheless, it could be concluded that the results 

obtained matched the previously reported findings, but on a larger scale, and also expanded 

the knowledge in terms of material properties for a different manufacturing parameter set and 

particularly for further building orientations. In addition, Table 3-6 provides an overview 

about obtained tensile strengths of various selective laser melted aluminium based raw 

materials. 

                                                 
28 The factors, influencing the sample quality in regard to its in plane orientation, were addressed in the tensile 
test section. 
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Table 3-5: Comparison of averaged mechanical properties for AlSi10Mg; all results refer to samples without additional post heat treatment 

 this work Buchbinder et al. [13] Kempen et al. [12] Fraunhofer ILT – Research 
Project [19] 

Laser power29 [W] 350 240 960 960 200 250 250 

Scan speed30 [mm/s] 930 500 >1000 >1000 1400 50 500 

Laser re-melting no no no yes no no 

Preheating temperature [°C]  200 - 220 - 300 300 

Number of configurations investigated31 6 2 2 3 3 

Young’s modulus E [GPa] 62.56-72.89 - 68 - - 

Yield strength Rp0.2 [MPa] 180-241 210-240 125-150 - 90 125-140 

Ultimate tensile strength Rm [MPa] 314-399 400-450 250-305 391-396 210 250-270 

Elongation at failure At [%] 3.15-6.47 3.2-5.9 5.5-8.0 4.1-6.3 3.47-5.55 7 4.7-6.8 

Poisson’s ratio ν [-] 0.29-0.36 - - - - 

Hardness32 

as-built 
105-122 

[HBW 2.5/62.5] 
- 

127  
[HV 0.5] 

70 
[HV 0.1] 

75 
[HV 0.1] 

machined 
101-131 

[HBW 2.5/62.5] 
130-140 
[HV 0.1] 

83-90 
[HV 0.1] 

Approximated values were taken from the text and figures in the corresponding reference. 
  

                                                 
29 laser power setting for core irradiation given 
30 scan speed setting for core irradiation given 
31 related to tensile tests 
32 Hardness values determined with different approaches can for aluminium be approximately compared in compliance with the German standard DIN EN ISO 18265 (2004-
02). 
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Table 3-6: Comparison of mechanical properties of various aluminium alloys fabricated with selective laser melting; all values refer to samples 
without additional heat treatment 

Alloy AlSi12 AlSi9Cu3 AlSi20 

Reference Prashanth et al. [26] Li et al. [25] Wang et al. [21] Fraunhofer ILT – Research Project [19] Ma et al. [43] 

Polar angle 
αXY; Φ [°] 

90 0 0 0 90 - 

Preheating 
temperature [°C] ~ 25 (RT) 200 - 300 280 

Yield strength 
Rp0.2 [MPa] 255-260 220 224 134 131 374 

Ultimate tensile 
strength Rm [MPa] 380 355 368 255 264 506 

Elongation at failure 
At [%] 3 4.2 4.8 8.4 7 1.6 

Approximated values were taken from the text and figures in the corresponding reference. 
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3.1.4 Conclusion 

In this research the mechanical properties of selective laser melted AlSi10Mg samples were 

studied. Clear tendencies were observed for the area of failure occurrence in the tensile 

testing of non-post-heat-treated samples. The height dependent configurations showed a 

dominant rupture towards the upper ends, which were fabricated last during the 

manufacturing process (true for 22 samples of 25). For the in-plane orientated configurations 

a less emphasized tendency of rupture on the ends, which were located towards the substrate 

plate middle, was observed (true for 13 samples of 18). In addition, the material constants in 

the linear elastic range (i.e. Young’s modulus and Poisson’s ratio), the tensile strengths (i.e. 

yield strength and ultimate tensile strength), as well as the breaking elongation, were found to 

be sensitive to the orientation during manufacture. The results for the tensile and hardness 

tests revealed similar tendencies for the non-heat-treated samples. Thus, it was proven that 

the linkage between the tensile strength and surface hardness was evident for the SLM 

generated specimens and their correlation. A possible conclusion from one to the other will 

be studied further. 

For the heat-treated samples it could be concluded that the height-dependent configurations 

exhibited dissimilar responses to an additional aging procedure, which were dependent on the 

build height. In contrast, samples of the same configuration with a prior solution annealing 

exhibited similar responses in the subsequent aging procedure, independent of the build 

height. Thus, it could be concluded that the evident hardness deviations and the dominant 

area of rupture towards the upper end, exhibited during the tensile tests, were caused by the 

varying development of the precipitation-hardening process after consolidation and 

corresponded directly with the varying dwell times in the build environment at elevated 

temperatures. 
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Abstract 

Recent investigations revealed major fluctuations in the material properties of selective laser 

melted AlSi10Mg, which corresponded with the varying precipitation-hardening state of the 

microstructure, caused by the differing dwell times at elevated temperatures. It was indicated 

that a subsequent heat treatment balances the age-hardening and results in a homogenized 

material strength. In order to further investigate this statement selective laser melted 

AlSi10Mg samples were subject to multiple post-heat-treatments. Subsequently, the surface 

hardness and tensile strength was determined and compared with the as-built results. The 

post-heat-treatment led to an arbitrary occurrence of rupture, indicating a successful 

homogenization, coupled with a remarkable improvement in ductility, but to the costs of a 

lowered tensile strength, which was highly dependent on the chosen heat-treatment 

procedure. 

3.2.1 Introduction 

The selective laser melting (SLM) process belongs to the family of layer-wise, powder-bed 

based additive manufacturing technologies and evolved from the older selective laser 

sintering (SLS) process [1]. Commonly, the information for production, required for the 

description of the irradiation, is gained by the conversion of the CAD-data into a sliced model 

Reprinted with permission from Trans Tech Publications Ltd - License No. 4396521388367
This is the accepted version of the following article: L. Hitzler, A. Charles, A. Öchsner, Defect Diffus. Forum 2016, 370, 171-176; which has 
been published in final form at [http://dx.doi.org/10.4028/www.scientific.net/DDF.370.171]. 
The manuscript has been reformatted to meet the criteria of a dissertation under the Griffith University guidelines.



 Page 149 

with equally thick sections. The thickness of these slices describes the powder layer thickness 

required in the manufacturing process. Based on the cross-sections of the individual slices 

and the selected irradiation strategy the irradiation paths and sequences are obtained. During 

the manufacturing process the part is generated as a sequence of individual layers by 

successively adding powder layers and locally solidifying them with a laser beam [2]. This 

layer-wise approach enables high flexibility in geometry and design on one hand, but causes 

multiple directional dependencies on the other. Amongst the most important ones are the 

anisotropic mechanical properties [3,4] and the orientation and location dependent surface 

roughness [5,6]. 

The main distinction between SLS, SLM and other related processes is given by the binding 

mechanism of the powder particles [7]. The full melting of the raw material in SLM enables 

this process of manufacturing almost full dense parts without the need of a subsequent 

infiltration step. 

However, in order to achieve these results, plenty of adjustments and optimizations were 

undertaken [8,9] and control mechanisms like the substrate plate heating were introduced 

[10]. Given the corresponding elevated temperatures present in the build environment, 

coupled with the long production times, alloys prone to microstructure alterations driven by 

heat input tend to locally change their properties. For the considered precipitation-hardenable 

AlSi10Mg alloy these inhomogeneities caused by varying age-hardening states were 

documented in [3]. The surface hardness and tensile strength was found to alter in the 

manufacturing environment. Based on the generation process with subsequent layers, this 

occurring alteration of properties with time is equivalent to a height dependent variation in 

material strength. This previous study also suggests that these inhomogeneities can be 

reduced or even equalized with subsequent post-heat-treatments, which represents the main 

focus of this study. 

3.2.2 Methodology 

3.2.2.1 Manufacturing Conditions 

The samples were produced with a SLM 280HL machine (SLM Solutions AG, Lübeck, 

Germany), which comprises a 400 W Yb-fibre-laser and offers a maximum build space of 

280 x 280 x 320 mm³. Nitrogen was utilized as inert gas and the temperature regulation on 
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the mounting plate33 was set to 200°C. The block type support structure (i.e. a honeycomb 

scaffold) was chosen for the connection of the samples with the substrate plate (Figure 3-11). 

 
Figure 3-11: Support structure type "block"; (i) as received after SLM job, (ii) sample 
removed 

3.2.2.2 Geometry, Positioning and Inclination 

The flat tensile samples type E 5 x 10 x 40, according to the German standard DIN 

50125:2009-07, were chosen and produced with an oversize of 0.4 mm for subsequent 

machining and removal of surface influences. 

On a side note, components fabricated with SLM are likely to inhabit an increased porosity 

right underneath the surface [11,12]; thus, for extensive loading and destructive material tests 

it is recommended to remove these crack initiation factors [13,14]. However, a subsequent 

machining step reduces the flexibility of the design, as it requires the accessibility with tools. 

For applications where the geometrical freedom is of higher importance as the removal of the 

porosity, e.g. in applications where the occurring stresses are uncritical, the surface quality 

can be enhanced with laser polishing [15,16]. 

In order to gain insight into the variance related to the build direction, the samples were 

produced in three representative configurations (Table 3-7), defined by the angle of the 

specimen’s longitudinal axis to the substrate plate (xy-plane).  

                                                 
33 The mounting plate is underneath the removable substrate plate and includes the thermal regulation. 

(i) (ii) 
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Table 3-7: Positioning of the configurations in relation to the substrate plate 

Configuration Azimuth angle αX; Θ 

(a) 0° 

(b) 45° 

(c) 90° 

3.2.2.3 Post Heat Treatments 

In order to examine the effects of thermal treatment procedures three distinct heat-treatments 

were selected (Table 3-8), which varied mainly in the solution annealing temperature and 

duration. 

Table 3-8: Considered heat treatments 

Heat treatment Solution annealing Quenching Thermal aging 

HT 1 6h at 525°C water ~ 25°C 6h at 165°C 

HT 2 6h at 300°C water ~ 25°C 6h at 180°C 

HT 3 4h at 500°C water ~ 25°C 6h at 180°C 

3.2.2.4 Material Testing 

• Surface Hardness 

The surface hardness was evaluated on the clamping areas of the tensile samples. It was 

ensured that the multiple indentations on each location (total of four investigated areas per 

sample) were performed in a reasonable distance to the edges and neighbouring indentations. 

The employed hardness testing machine (Wilson VH1150, ITW Buehler Group, MA, USA) 

was operated manually.  
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Figure 3-12: Hardness tester 

• Tensile Testing 

The destructive material tests were performed on a tensile test machine (Instron, MA, USA) 

with a maximum load of 30 kN (Figure 3-13). The tensile tests were carried out in 

accordance to the German standard DIN EN ISO 6892-1:2009-12 with the crosshead speed 

set to 5 mm/min. In addition to the pure crosshead movement, the elongation of the specimen 

was measured with an extensometer with an initial distance of 25 mm. 

 
Figure 3-13: Tensile test setup 
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3.2.3 Results and Discussion 

3.2.3.1 Surface Hardness 

The surface hardness for the non-heat-treated samples was shown being dependent on the 

particular surface orientation and the positioning of the sample in the build space [3]. For the 

heat-treated samples this effect vanishes due to the equalizing of the precipitation-hardening 

state and thus, the global surface hardness, which represents the averaged hardness value 

based on multiple measurements on four clamping areas per considered sample, was seen as 

sufficiently accurate to characterize the hardness results (Table 3-9). HT 1 and HT 2 were 

found to lead to a drastic decrease in the hardness, whereas HT 3 only showed very minor 

changes compared to the hardness of the untreated reference samples. 

Table 3-9: Global hardness in relation to the heat treatment and configuration 

Configuration 
Vickers hardness in [HV3] 

no HT HT 1 HT 2 HT 3 

(a) 115 56 66 110 

(b) 118 52 70 110 

(c) 107 51 63 109 

3.2.3.2 Tensile Testing 

The tensile tests confirmed the tendencies revealed in the hardness investigation in terms of 

the ultimate tensile strength (UTS or Rm). Out of this, it clearly can be concluded that the 

hardness and UTS are directly linked and can be targeted and adjusted dependent on the 

specific needs by choosing an adequate post-heat-treatment (Figure 3-14). Interestingly, the 

yield strength (Rp0.2) exhibited for the HT 3 samples exceeded the initial yield strength of the 

untreated samples on all configurations. All heat-treatments led to an improvement regarding 

the breaking elongation, with the best and most consistent results recorded for HT 2. This 

gain in ductility was clearly evident, the reference samples (no HT) ruptured without prior 

necking, whereas the heat-treated samples experienced localized necking. In addition, the 

tendency to fail towards the top end, documented in [3], was evident for the reference 

samples of configuration (b) and (c). The heat-treated samples on the other hand exhibited an 

arbitrary occurrence of rupture, thus proving the anticipated homogenizing effect of the heat-

treatment procedures on the microstructure of the precipitation-hardenable AlSi10Mg alloy. 
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Figure 3-14: Stress-strain diagrams of the destructive tensile tests for all considered heat-
treatment conditions grouped corresponding to configurations (a) to (c) 

3.2.4 Conclusion 

The selective laser melting procedure results in an anisotropic material behaviour with 

heterogeneous properties of fabricated components. It was shown that for the precipitation-

hardenable AlSi10Mg these heterogeneities, reasoned in the dissimilar age-hardening states, 

could be homogenized with appropriate post-heat-treatments. Furthermore, the results 

presented indicate that the mechanical properties of selective laser melted AlSi10Mg can be 

adjusted in a targeted way by utilizing post-heat-treatments. 
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Abstract 

Additive manufacturing represents a unique opportunity for the generation of highly complex 

components. Given the inherent anisotropic material behaviour, reasoned in the layer-wise 

generation process and the resulting span of mechanical properties with the lack of available 

data, the implementation of this manufacturing technique in industrial applications is 

challenging and requests expensive and time consuming material testing. This work focuses 

on the fracture toughness of selective laser melted precipitation-hardenable AlSi10Mg 

specimens, including positioning and inclination effects. Samples in accordance to the ASTM 

E 399-08 standard were fabricated in six different orientations and were subject to mode I 

fracture toughness testing. The notches were implemented in a subsequent milling procedure 

and the evaluation was undertaken as outlined in the ASTM E 1820-09 standard. Minor 

directional dependencies were found and the selective laser melted samples revealed similar 

fracture toughness results as conventional bulk material, namely KIC-values in the range from 

40 to 60 MPa√m. 
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3.3.1 Introduction 

Selective laser melting (SLM) belongs to the layer-wise, powder-bed based additive 

manufacturing technologies and produces components by exposing successive powder layers 

selectively with a laser beam as the driving force for local solidification [1]. Due to the 

complete melting of the powder in SLM, this process is capable of manufacturing almost full 

dense parts within one manufacturing step, proven for AlSi10Mg in [2]. Given the fact that 

the layer-wise generation approach overcomes limitations present in conventional 

manufacturing techniques, like the accessibility required for milling or the limitations 

reasoned by the mould in terms of casting, a broad application in industry can be anticipated. 

However, due to the pronounced volatility of fabricated components in relation to their 

surface characteristics [3] and mechanical properties [4], coupled with the correlated 

uncertainty and the lack of substantial data, this promising manufacturing technique remains 

mostly unused. Thus, its peculiarities need to be investigated and documented based on 

destructive material tests, leading to a proper foundation for future optimizations and 

enabling the necessary linkage between the fabrication environment and finite element 

analyses. 

Most studies in the area of fracture toughness of selective laser melted samples were 

dedicated to titanium based raw materials, especially Ti6Al4V, which is of special interest for 

aerospace and medical applications. The fatigue crack growth in the as-built and several heat 

treated states was investigated in [5] and the influence of varying build directions was added 

in [6]. A combined study covering both the tensile strength and fracture toughness for various 

orientations was undertaken in [7]. 

Within this study, the fracture toughness behaviour of AlSi10Mg was investigated for various 

orientations based on notched tensile testing specimens. This particular alloy is widely 

utilized in the automotive industry, e.g. for undercarriages, gearbox housings and engine 

blocks, and can be fabricated with various casting technologies [8,9]. To the best of the 

authors’ knowledge, this is the first work addressing the fracture toughness of aluminium 

based raw material fabricated with SLM. For this initial study no post-heat treatments like 

solution annealing or age hardening were considered. 
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3.3.2 Methodology 

3.3.2.1 Manufacturing Conditions 

The specimens were fabricated with a SLM 280HL machine (SLM Solutions AG, Lübeck, 

Germany) equipped with a 400 W Yb-fibre-laser and an available build space of 280 x 280 x 

320 mm³. Nitrogen was employed as the inert gas and the temperature of the mounting plate34 

was kept constant at 200°C throughout the entire manufacturing process. A detailed listing of 

the utilized irradiation parameter sets can be found in Table 3-1 (specimens for tensile testing 

and fracture toughness were fabricated together, more details see Chapter 3.1). In regard to 

the necessary support structure, only the block type, i.e. a honeycomb scaffold with open 

pores and characteristic saw-tooth-like connectors towards the substrate plate and specimens, 

was applied and the supported areas were reduced to a minimum. The raw AlSi10Mg powder 

was supplied by SLM Solutions and its properties, as well as the achieved relative density (~ 

99.5%) of the fabricated samples, were reported in a previous study (more details see Chapter 

2.1 [3]). In addition, an extensive preliminary evaluation of the tensile strength in dependency 

to the positioning in the building chamber has been carried out (see Chapter 3.1 [4]). The 

present paper is an extension of this previous study and utilizes its results as input (Table 3-3, 

with f = f.2). Figure 3-15 and Table 3-10 summarize the considered orientations and 

inclinations covered in this work. 

 
Figure 3-15: Schematic depiction of the chosen configurations in the build space35   

                                                 
34 The substrate plate is fixated on the mounting plate, which includes the thermal regulation. Due to this, the 
exact temperature of the substrate plate remains unknown. However, the powder-bed temperature at 10 mm 
above the substrate plate was determined being 130°C [4]. 
35 Please note that the configuration (f) samples considered in the present investigation had a 45° angle to the 
recoater path. 
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Table 3-10: Positioning details for all considered configurations given in dependency to the 
substrate plate (xy-plane) and the recoater movement path (x-axis) 

Configuration Polar angle  αXY; Φ Azimuth angle  αX; Θ Job Total runtime 

(a) 0° 0° 1 20.0 h 

(b) 0° 0° 2 20.5 h 

(c) 0° 90° 

3 38.0 h (d) 45° 0° 

(e) 45° 0° 

(f) 90° 45° 4 33.0 h 

*Slight deviations from 0° and 90° angles were introduced for the azimuth angle to improve the recoating 
process by ensuring that its blade does not abruptly hit the entire edge at once. 

3.3.2.2 Sample Geometry 

In this fracture toughness investigation the standardized tensile sample geometry, in 

accordance with the German standard DIN 50125:2009-07 - E 5 x 10 x 40, was employed. 

These flat specimens were produced with an oversize of 0.4 mm in width and thickness and 

were milled to obtain the final shape and the required surface quality. In order to utilize this 

type of sample for a fracture toughness investigation, an additional one-sided straight through 

notch was implemented in the centre of the samples (Figure 3-16). The geometry of the notch 

is defined in the international ASTM E 399-08 standard and the following parameters were 

chosen (see nomenclature in Table 3-11): 𝑎 = 0.5 x 𝑊; N = 1. The pre-cycling for crack 

initiation was neglected and the notch was directly implemented with a disc milling cutter 

with a thickness of 1 mm and a 45° top angle to its final initial length. It should be mentioned 

that additional fixation points for measurement equipment were introduced at the end of the 

notches. For the distortion free clamping of the specimens a drill-hole with a diameter of 7.5 

mm was added on the clamping areas on both ends of the specimens. The fixation was then 

realized with bolts connecting the sample with the clamping jaws of the machine, ensuring 

the allowance of the necessary rotation movement during the crack opening. It should be 

mentioned that the distance in width direction between the force initiation points and the 

crack tip is zero36 in this setup. 

                                                 
36 In the ASTM 399-08 standard the distance between the fixation points and the crack tip is equal to the pre 
crack length a. 
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Figure 3-16: (i) Test setup, including the crack mouth opening gauge; (ii) geometry of the 
notch (1 x 5 mm2 with a 45° tip angle) 

Table 3-11: Nomenclature in accordance to ASTM E 399-08 and DIN EN ISO 6892-1:2009-
12 

Parameter Abbrev. Explanation Unit 

Pre crack length a depth of the initial notch, per definition 
0.45 x 𝑊 < 𝑎 < 0.55 x 𝑊  [mm] 

Notch width ratio N per definition 𝑁 <  𝑊
10⁄  [mm] 

Thickness B thickness of the specimen [mm] 

Width W width of the specimen [mm] 

Young’s modulus E material parameter in the elastic range [MPa] 

Poisson’s ratio ν contraction of the material in the elastic range [−] 

Energy release rate GIC 
verified deformation energy in relation to the crack 

front length [N/m] 

J-integral JIC deformation energy in relation to the crack front length [N/m] 

Stress intensity factor KI stress intensity factor (mode 1) MPa√m 

Fracture toughness KIC critical stress intensity factor (mode 1) MPa√m 

Yield stress Rp0.2 stress at 0.2% plastic deformation, also known as 𝜎F [MPa] 

Ultimate tensile 
strength (UTS) Rm material parameter, maximum stress [MPa] 

Elongation at failure At total elongation (elastic and plastic) at failure [%] 

Crack front length r crack propagation perpendicular to load [mm] 

Deformation energy U required energy for crack propagation [Nm] 

Principal axial stress 𝜎𝑦𝑦 normal stress perpendicular to the plane of the crack [MPa] 

Crack mouth opening x expansion displacement measured at the notch [mm] 

Force F applied load, measured by the load cell [N] 

(i) (ii) 
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3.3.2.3 Testing Procedure 

For the destructive material tests, a tensile test machine (Zwick/Roell, Ulm, Germany) with a 

maximum load of 100 kN, equipped with a corresponding load cell, was utilized. The tensile 

test was carried out in accordance to the German standard DIN EN ISO 6892-1:2009-12 with 

a crosshead speed of 5 mm/min. The crack-mouth opening displacement was measured with a 

self-made double cantilever clip-in displacement gauge, based on the ASTM 399-08 

standard, which fixated itself in the 90° notches (Figure 3-16) due to a preliminary tension. 

Hereby the displacement was determined by inbuilt strain gauges which are connected via a 

Wheatstone bridge with the tensile testing setup. 

3.3.2.4 Evaluation Scheme 

The evaluation of the fracture toughness was undertaken in accordance to the ASTM E 1820-

09 and the procedure outlined in [10]. Hereby, the determination of the deformation energy 

varies in relation to the present rupture behaviour (Figure 3-17). In our case the second type 

has been present, leading to the following equations to be used for the evaluation process. 

The J-integral is calculated by 

𝐽IC =
𝑈

𝐵 x (𝑊 − 𝑎)
 x 𝑓( 

𝑎

𝑊
 ) (1) 

with the function of the pre-crack length and specimen width being 

𝑓 ( 
𝑎

𝑊
 ) = 2 x 

1 + 𝛼

1 + 𝛼2
 . (2) 

The following holds then for the determination of the parameter α, 

𝛼 = √((
2 x 𝑎

𝑊 − 𝑎
) + 1)

2

+ 1 − (
2 x 𝑎

𝑊 − 𝑎
+ 1) (3) 

with the geometry dependent parameters being a = 5 mm and W = 10 mm. The deformation 

energy U is given by the area underneath the force-displacement curve, indicated in Figure 

3-17. Once the J-integral is determined, the appropriateness of the chosen specimen geometry 

is verified by the relation 

𝐵 >
𝐽IC

(𝑅p0.2 + 𝑅m) x 0.5
 (4) 

with the initial thickness B = 5 mm. 

Given the fulfilled requirement, then 
𝐽IC =  𝐺IC (5) 
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and finally the fracture toughness is calculated by 

𝐾IC = √
𝐺IC x 𝐸

(1 − 𝜐2)
 . (6) 

The material parameters E, ν, Rp0.2 and Rm are based on destructive tensile tests according to 

DIN EN ISO 6892-1:2009-12, documented in a previous study (see Chapter 3.1 [4]) with flat 

tensile sample geometries as outlined in DIN 50125:2009-07 (E 5 x 10 x 40), and can be 

found in Table 3-3. It should be mentioned that the samples for both examinations, i.e. tensile 

and fracture toughness testing, were manufactured as batches. 

The KIC factor is a measure for the stress tensor of a multi-axial stress field occurring on the 

tip of a crack or notch, caused by an external load [11]. Hence, a high KIC value indicates a 

material with high fracture toughness. This relation is given with the stress intensity factor 

𝐾I =  lim
𝑟→0

[𝜎yy(2𝜋𝑟)
1
2 ], (7) 

which describes the significant stress concentration occurring at the distance r in front of the 

crack tip. 

 
Figure 3-17: Determination of KIC, differentiation between the type of rupture: type 1) linear 
elastic; type 2) elasto-plastic; adopted from [10] 

3.3.3 Results and Discussion 

A set of six samples per configuration has been tested, exemplified in Figure 3-18, and the 

valid force-displacement curves are depicted in Figure 3-19. It should be mentioned that 

some of the testing results revealed regressiveness in their displacement record and hence, 

were removed from the statistical evaluation. The final results with the according standard 

deviations are given in Table 3-12.  
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Figure 3-18: Exemplary depiction of fractured samples (configuration (d) shown) 

The resulting KIC values were, independent from the orientation, remarkably high in 

comparison with the wrought alloy. Based on the simplifications made, the results given in 

this work are intended as guide-values to categorize the behaviour of selective laser melted 

AlSi10Mg. When it comes to stating a confidence value for the fracture toughness, numerous 

challenges are faced in the area of additive manufacturing, which all lead to a high spread of 

results. This can be shown based on the literature results of Ti6Al4V. In [12] a KIC value of 

52 ± 3.5 MPa√m is given, whereas in [7] the KIC values range from 16 ± 1 MPa√m to 28 ± 2 

MPa√m, dependent on the build orientation. Therefore, it can be concluded that the fracture 

toughness is extremely volatile to the manufacturing conditions, which include, amongst 

other things, the machinery, the raw powder, the scan parameters, the irradiation strategy, the 

layer thickness, as well as the thermal environment. 

Hence, it is anticipated that the given results for AlSi10Mg represent the upper boundary for 

the fracture toughness values of AlSi10Mg under the given manufacturing conditions, and 

due to the simplifications made, the selection of an appropriate safety factor is recommended. 

Given the dependency of the fracture toughness on the elastic material constants (Equation 

(6)) and their direct correlation to the orientation and inclination of the sample during 

manufacturing [4], it is of high importance to examine both the tensile and the fracture 

behaviour. Considering the direction dependencies of the KIC results, it could be concluded 

that the configurations (a) to (e) revealed consistent results in the range of 50 MPa√m to 60 

MPa√m, whereas the in build direction orientated configuration (f) samples exhibited inferior 

results of around 40 MPa√m. In this case no clear tendencies based on the inclinations could 

be made and the KIC value for configuration (b), which exhibited the best tensile strength and 
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ductility, were in the upper range, but not even close to the maxima. In addition, there is also 

no clear correlation with the obtained Young’s moduli. Comparing configurations (d) and (f), 

which both inhabited a low Young’s modulus, the KIC results showed high deviations 

between them. 

 
Figure 3-19: Testing diagrams for configurations (a) to (f); force via load cell and 
displacement via double cantilever clip-in displacement gauge 
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Table 3-12: Fracture toughness of notched AlSi10Mg samples at room temperature, averaged 
results and standard deviations in relation to the considered orientations (Figure 3-15, Table 
3-10) 

Configuration 
Polar angle 

αXY; Φ 
Azimuth angle 

αX; Θ 
Fracture toughness KIC 

[𝐌𝐏𝐚√𝐦] 
Standard deviation  

[𝐌𝐏𝐚√𝐦] 

(a) 0° 0° 59.06 1.430 

(b) 0° 0° 51.60 1.794 

(c) 0° 90° 58.03 1.321 

(d) 45° 0° 55.79 3.614 

(e) 45° 0° 50.76 1.917 

(f) 90° 45° 40.63 1.247 

Die-cast [13] 18-29    (AlSi7Mg) 

Wrought alloy [14] 16-42    (Al alloys in general) 

*Slight deviations from 0° and 90° angles were introduced for the azimuth angle to improve the recoating 
process by ensuring that its blade does not abruptly hit the entire edge at once. 

Lastly, the influence of the build height itself, apart from the orientation angle, appeared 

secondary, although the height had an immense influence on the tensile strength and 

especially the hardness results due to the age hardening state [4]. This could be reasoned 

based on configurations (c) to (e), which were fabricated in one single build job. Hence, 

given the runtime of the considered job coupled with the absolute positions along the z-axis 

(Figure 3-15) along the samples where the notches were implemented, and the corresponding 

aging state of that particular area due to the dwell time in the manufacturing environment at 

elevated temperatures, these results could be seen as fracture toughness tests with varying 

precipitation hardening states. Hereby, the span reached from 51  MPa√m (configuration (d)) 

to 56 MPa√m (configuration (e)) to 58 MPa√m (configuration (c)). Configurations (c) and 

(d) represented a similar aging state, whereas configuration (c) had a prolonged aging cycle 

due to the samples being completely generated at an early point in time during the fabrication 

process. Interestingly, the deviations between related configurations like (d) and (e) or also 

(a) to (c) have been more pronounced than those seen between varying heights, leading to the 

conclusion that the build height and the corresponding height dependent state of precipitation 

hardening, at least to a certain extent, have only a minor impact on the fracture toughness of 

selective laser melted AlSi10Mg.  
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3.3.4 Conclusion 

Notched tensile samples built in various orientations were subject to fracture toughness 

testing. Minor directional influences were found amongst the configurations with 0° and up 

to 45° inclination to the substrate plate. Only the in-build direction (90°) orientated samples 

revealed inferior fracture toughness. In addition, the build height and the corresponding age 

hardening state was found to have only a minor impact. 

These findings raise the question to which extent the fracture toughness is in the stable 

plateau (50 MPa√m to 60 MPa√m) and at which angle the drop down towards the inferior 

fracture toughness (40 MPa√m) occurs and what are the characteristics it follows. Thus, the 

future outlook is the thorough examination of the fracture toughness behaviour in the range 

from 45° to 90° inclination angle to the substrate plate and the examination of CT-specimens, 

including the pre-cycling for crack initiation. 

3.3.5 Acknowledgement 

Sincere appreciation to Tim Schubert, Markus Hubbel, Christian Schillinger and Wilfried 

Salzwedel for their helpful support throughout the implementation and evaluation of the 

experiments. 

3.3.6 References 

[1] I. Gibson, D. W. Rosen, B. Stucker, Additive Manufacturing Technologies, Springer-
Verlag US, New York, USA 2010. 

[2] K. Kempen, L. Thijs, E. Yasa, M. Badrossamay, W. Verheecke, J. P. Kruth, SFF 
Symposium 2011, 484-495. 

[3] L. Hitzler, C. Janousch, J. Schanz, M. Merkel, F. Mack, A. Öchsner, Mat.-wiss. u. 
Werkstofftech. 2016, 47, 564-581. 

[4] L. Hitzler, C. Janousch, J. Schanz, M. Merkel, B. Heine, F. Mack, W. Hall, A. 
Öchsner, J. Mater. Process. Technol. 2017, 243, 48-61. 

[5] S. Leuders, M. Thöne, A. Riemer, T. Niendorf, T. Tröster, H. A. Richard, H. J. Maier, 
Int. J. Fatigue 2013, 48, 300-307. 

[6] B. Vrancken, V. Cain, R. Knutsen, J. Van Humbeeck, Scr. Mater. 2014, 87, 29-32. 

[7] V. Cain, L. Thijs, J. Van Humbeeck, B. Van Hooreweder, R. Knutsen, Addit. Manuf. 
2015, 5, 68-76. 

[8] H. Fuchs, M. Wappelhorst, Leichtmetallwerkstoffe für hochbelastete Motorblöcke und 
Zylinderköpfe, Springer, Wiesbaden, Germany, 2003, 10, 868-875. 

[9] S. Elgaß, Leichtmetallguss, Sonderheft zu der Fachmesse EUROGUSS 2012. 



 Page 167 

[10] B. Heine, Werkstoffprüfung - Ermittlung von Werkstoffeigenschaften, Carl Hanser 
Verlag, Leipzig, Germany 2011. 

[11] A. Öchsner, Continuum Damage and Fracture Mechanics, Springer, Singapore 2016. 

[12] B. Van Hooreweder, D. Moens, R. Boonen, J.-P. Kruth, P. Sas, Adv. Eng. Mater. 
2012, 14, 92-97. 

[13] M. Srinivasan, S. Seetharaman, Science and Technology of Casting Processes: 
Fracture Toughness of Metal Castings, Intech Open Science, Rijeka, Croatia 2012. 

[14] H. A. Richard, Technische Mechanik 1990, 69-80. 

  



Page 168 

Compressive Behaviour of Additively 

Manufactured AlSi10Mg 

Leonhard Hitzler a, *, Nina Schoch b, Burkhard Heine b, Markus Merkel b, Wayne Hall a, 

Andreas Öchsner a 

a Griffith School of Engineering and Built Environment, Griffith University, Parklands 
Drive, Southport QLD 4222, Australia 

b Faculty of Mechanical Engineering and Materials Science, Aalen University of Applied 
Sciences, Beethovenstrasse 1, 73430 Aalen, Germany 

Abstract 

The advantages of free form fabrication methods regarding the geometrical flexibility are 

well known. With the full melting approach of the raw material, as utilized in selective laser 

melting, this freedom in design is coupled with remarkable mechanical strength. Most studies 

focused on the tensile characteristics; this study investigates the direction dependent 

compressive behaviour of selective laser melted AlSi10Mg. The obtained compressive 

Young’s moduli exceeded both the equivalent Young’s moduli for the tensile loading and the 

Young’s modulus of the isotropic, conventionally fabricated, bulk base material, ranging as 

high as 82 GPa. The compressive yield strength was found to be similar to the yield point in 

tensile loading, with the ultimate compressive stress and strain being far superior to their 

tensile counterpart. 

3.4.1 Introduction 

Additive manufacturing (AM) of metal is a prospering industry branch and the machine 

manufacturers are rapidly growing companies, driven by the demand of highly specialized 

components with integrated functionalities [1]. AM has multiple advantages over 

conventional fabrication techniques, such as the geometrical flexibility and, to a great extent, 

the omission of tooling equipment [2]. Moreover, powder-bed based techniques, such as the 

Reprinted with permission from John Wiley & Sons - License No. 4396511461093
This is the accepted version of the following article: L. Hitzler, N. Schoch, B. Heine, M. Merkel, W. Hall, A. Öchsner, Mat.-wiss. u. 
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used for noncommercial purposes in accordance with the Wiley SelfArchiving Policy [olabout.wiley.com/WileyCDA/Section/id-820227.html]
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selective laser melting (SLM), were shown to be capable of processing a broad range of 

materials, and remarkably exceeding the material strength of the corresponding bulk base 

material, due to the achieved fine-grained microstructure [3]. Of all known strengthening 

mechanisms, the strengthening via grain-refinement is the only option which does not 

sacrifice the ductility of the material, thus making SLM a promising fabrication method for 

highly complex components with outstanding material strength [4,5]. In the case of 

aluminium-silicon (AlSi) alloys, this fine-grained structure is superimposed with an 

additional grain stabilisation feature. In the as-fabricated condition, the single Al-grains are 

surrounded by Si-segregations, which hinder the Al-grains from growing further [6-9]. 

However, left untreated, these Si-enrichments represent brittle areas and predetermined points 

of fracture, i.e. a drop in tensile strength of AlSi10Mg at a 45° angle offset between the layer 

and the loading direction, which is attributed to the brittle shear fracture along these Si-rich 

areas (see Chapter 3.1) [10,11]. The grain stabilization effect prevents secondary grain 

growth via subsequent heat input, i.e. fabrication of neighbouring scan tracks and subsequent 

layers, or due to the preheating temperature of the build chamber. The latter is restricted to 

moderate preheating temperatures. Aversa et al. [12] reported that the ideal preheating 

temperature for the A357 die-cast alloy was between 140°C to 170°C. Higher preheating 

temperatures lead to grain coarsening due to lower solidification rates, and, even more 

detrimental, to an increased solubility of gases in the melt, promoting pores in the fabricated 

component [13,14]. On a side note, fabrication without preheating yields higher hardness and 

higher strength, but at the cost of higher residual stresses (and related deformations), and an 

increased likelihood of cracks [15]. 

Apart from the alterations on the grain size, there is another crucial aspect to consider; These 

age-hardenable AlSi alloys favour inhomogeneous material characteristics, due to varying 

precipitation-hardening states within a single manufactured component, which are reasoned 

in differing dwell-times at elevated temperatures [10,15]. It was documented that this could 

be homogenized via a subsequent aging treatment and the feasibility of performing such an 

aging procedure inside the build chamber was also studied [12]. 

In the range of conventional heat treatments, solely the pure aging (i.e. T5) was found to 

further increase the strength and hardness of additively manufactured AlSi, further promoting 

the inhomogeneous growth of the Si-segregations along the boundaries, i.e. between 

subsequent layers and neighbouring scan tracks [10,16,17]. The very common T6 heat 

treatment, which is known to enhance the strength of cast material, reduces the strength of 
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additively manufactured AlSi, which in its as-fabricated state already possesses a higher 

strength than their equivalent cast counterpart after peak-aging [18,19]. The microstructure of 

AM vastly differs from cast or rolled material and is best described as a set of stacked and 

interconnected single weld tracks. In the case of AlSi alloys, each individual scan track of the 

part is inhomogeneous itself. Aboulkhair [18] emphasised that there are, to date, no suitable 

heat treatments available which fully utilize the potential of the fine-grained, super-saturated 

and naturally grain-size-stabilized microstructure.  

Nonetheless, the tensile strength in the as-fabricated condition is very appealing, and 

additively manufactured AlSi also exhibits remarkable compressive properties, as a recent 

study suggested [20]. However, to the best of the Author’s knowledge, this study is the first 

to investigate the directional dependent compressive behaviour of additively manufactured 

AlSi10Mg. Within this work, the compressive strength and the compressive characteristics of 

AlSi10Mg are examined. Special consideration is given to the linear elastic range, the 

compressive modulus, and the comparison with the tensile behaviour. 

3.4.2 Methodology 

3.4.2.1 Manufacturing Conditions 

Prismatic compression samples in four distinct configurations (Table 3-13) were fabricated 

with a SLM 280HL machine (SLM Solutions GmbH, Lübeck, Germany), which features a 

400 W Yb-fibre-laser and an available build space of 280 x 280 x 320 mm³. The applied 

description and nomenclature is depicted in Figure 3-20. The raw AlSi10Mg metal powder 

was supplied by SLM Solutions; its detailed properties and the achieved density for the 

parameter set applied (Table 3-14), i.e. an average particle diameter of 37 μm and a relative 

density of 99.5%, were reported in a previous study (see Chapter 2.1 [21]). After removal 

from the substrate plate (Figure 3-21), the samples were milled to their final size, i.e. 10 x 10 

x 50 mm3. 
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Table 3-13: Orientation in dependency to the longitudinal axis of the specimen; definition of 
angles see Figure 3-20 

Configuration Polar angle  αXY; Φ Azimuth angle  αX; Θ 

(a) 0° 0° 

(b) 45° 0° 

(c) 90° 0° 

(d) 45° 45° 

*Slight deviations from 0° and 90° angles were introduced for the azimuth angle to improve the recoating
process by ensuring that its blade does not abruptly hit the entire edge at once. 

Table 3-14: Utilized parameters and fabrication settings 

Scan speed 
[mm/s] 

Laser 
power [W] 

Hatch 
distance [mm] 

Scan vector 
length [mm] 

Rotation angle 
increment [°] 

Contour 600 350 - - - 

Core 930 350 0.17 10 90 

Final layer 850 350 0.15 10 - 

Support 900 350 - - - 

Layer thickness of 50 μm 

Mounting plate temperature of 200 °C; which is equivalent to 130 °C in the powder-bed (determined at a 
build height of ~ 10 mm) 

Nitrogen is employed as the inert gas 

Contour is irradiated first, followed by the core, utilising the bidirectional line scanning strategy with a scan 
vector length of 10 mm 

Figure 3-20: Description of the positioning in global coordinates (x, y, z) and two rotation 
angles (Φ, Θ) 
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Figure 3-21: Samples on substrate; prismatic samples on the right hand side are subject for 
the compression testing in this study 

3.4.2.2 Compression Testing 

For the destructive compression tests, a uniaxial testing machine (Zwick/Roell, Ulm, 

Germany) with a maximum load of 100 kN was utilized. The compression tests were carried 

out in two distinct steps: In the first step, the samples were solely loaded within the linear 

elastic range and ramped up with a crosshead speed of 0.5 mm/min to a maximum force of 

5000 N, or respectively 50 MPa [22]. In this first step the strain was recorded via a fine-strain 

extensometer, with an initial length of 10 mm, placed in the centre of the sample to obtain the 

deformation readings from the uniaxial stress state in the centre of the sample. In the second 

step, the samples were compressed with a crosshead speed of 5 mm/min until buckling 

occurred (Figure 3-22). Since the samples had a 5:1 length to thickness ratio, buckling could 

not be avoided. However, obtaining the maximum compressive strength was not the focus of 

this investigation. 

Figure 3-22: Compression testing setup 
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3.4.3 Results and Discussion 

The compression tests attested the initial anticipations and the samples exhibited remarkable 

stiffness results throughout all configurations (Table 3-15). Due to the arbitrary occurrence of 

buckling past 8% strain the maximum stress results are not meaningful and are only included 

for comprehensiveness. However, it should be noted that the respective tensile strain ranged 

between 3.2% and 6.5% [10]. The qualitative stress-strain relation for the various 

configurations is depicted in Figure 3-23. Outstanding results were found for the Young’s 

modulus, exceeding by far, the Young’s modulus for tensile loading, and the Young’s 

modulus of the respective bulk base material (~ 70-72 GPa) [10,23]. The lowest Young’s 

modulus was found in the build-up direction, which coincides with the documented tensile 

characteristics (Figure 3-24); yet, this lowest value was still beyond the conventional limit. 

Regarding the yield criterion, the results for both tensile and compressive yield point were 

found to be very similar. Moreover, the identical tendency of the lowest strength occurring at 

a 45° offset between the layers and the loading direction was evident (Figure 3-25); thus, 

indicating that the weakening effects caused by the Si-segregations affect the compressive 

strength in a similar manner. Nevertheless, the compressive yield strength in the as-fabricated 

state exceeded the requirements outlined for the die-cast counterpart. In regard to the ultimate 

compressive strength, it can be concluded that this value can be expected to be remarkably 

higher than the conventional limit. The best configuration in this study exhibited a maximum 

compressive strength, prior to buckling, of 530 MPa. A related study even claimed that the 

ultimate compressive strength exceeded 700 MPa at a deformation of 25% [20]. 

Table 3-15: Compressive properties per individual configuration 

Configuration Young’s modulus 
[GPa] 

Yield strength via 0.2% 
offset [MPa] 

Max. stress prior to 
buckling [MPa] 

(a) 81.893 225 475 

(b) 81.743 190 432 

(c) 82.411 210 441 

(d) 75.884 230 530 
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Figure 3-23: Compressive stress-strain diagrams, strain readings refer to crosshead travel 

 
Figure 3-24: Comparison of Young's moduli of AlSi10Mg for tensile and compressive 
loading; different orientations considered; angles as idealized values given (small offsets 
were neglected); reference values taken from [10,23] 
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Figure 3-25: Comparison of tensile and compressive strength of additively manufactured 
AlSi10Mg with an equivalent die-cast counterpart; reference values taken from [10,23] 

On a side note, the inherent inhomogeneities due to the differing dwelling times at elevated 

temperatures, as well as the microstructural characteristics and the fracture toughness, can be 

found elsewhere [10,21,24]. The deviations between the configuration (b) and (d), which only 

differed regarding their azimuth angle, are believed to originate from precautions in the 

irradiation strategy, in particular the avoidance of scan track vector placements in direction of 

the inert gas stream. Further details on this precaution and the influence on the mechanical 

properties can be found in Chapter 4.2 [25]. 

3.4.4 Conclusion 

Within this study, the compressive material characteristics of selective laser melted 

AlSi10Mg were studied. The compressive yield strength was found to be on par with the 

tensile yield strength. Moreover, the identical directional tendencies were evident for both 

cases, with the weakest configuration being the constellation of a 45° inclination of the load 

with respect to the layers. Outstanding results were encountered regarding the Young’s 

modulus, which ranged from 75.8 GPa to 82.4 GPa. Compressive strain and ultimate 

compressive strength were found to be far superior in comparison to the tensile 

characteristics as well, however, could not accurately be determined due to buckling. In this 

study, the proper examination of the Young’s modulus was prioritized, which required the 

determination of the compressive uniaxial strain on lengthier samples. 
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Chapter 4. 

Mechanical Properties of Additively 

Manufactured Stainless Steel 

This chapter is concerned with the undertaken investigations of the mechanical properties of 

selective laser melted stainless steel and expands on the investigations undertaken in Chapter 

3. The main focus was to study the influence of the material on the emphasis and

characteristic of the anisotropy and inhomogeneity of selective laser melted material. 

Different aspects were addressed in two published papers, which are sequentially progressing 

in regard to the investigated field with the following investigated material characteristics: 

• surface hardness

• tensile characteristics

and manufacture related impacts via the: 

• limitation window

• rotation angle increment
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Abstract 

The thorough description of the peculiarities of additively manufactured structures represents 

a current challenge for aspiring freeform fabrication methods, such as the selective laser 

melting (SLM). These methods have an immense advantage in the fast fabrication (no special 

tooling or moulds required), the geometrical flexibility in the design of components, and their 

efficiency when only low quantities are required. However, designs demand the precise 

knowledge of the material properties, which in the case of additively manufactured structures 

are anisotropic and, under certain circumstances, inhomogeneous in nature. Furthermore, 

these characteristics are highly dependent on the fabrication settings. Within this study, the 

anisotropic tensile properties of selective laser melted stainless steel (1.4404, 316L) are 

investigated: The Young’s modulus ranged from 148 GPa to 227 GPa, the ultimate tensile 

strength from 512 MPa to 699 MPa and the breaking elongation ranged, respectively, from 

12% to 43%. The results were compared to related studies, in order to classify the influence 

of the fabrication settings. Furthermore, the influence of the chosen raw material was 

addressed by comparing deviations on the directional dependencies reasoned by differing 

microstructural developments during manufacture. Stainless steel was found to possess its 

Reprinted under the open (Creative Commons) licence
This is the accepted version of the following article: L. Hitzler, J. Hirsch, B. Heine, M. Merkel, W. Hall, A. Öchsner, Materials 2017, 10, 1136; 
which has been published in final form at [http://dx.doi.org/10.3390/ma10101136]. 
The manuscript has been reformatted to meet the criteria of a dissertation under the Griffith University guidelines.
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maximum strength at a 45° layer versus loading offset, which is precisely where AlSi10Mg, 

previously reported, was the weakest. 

4.1.1 Introduction 

Additive manufacturing (AM) methods, such as the selective laser melting (SLM), represent 

powerful freeform fabrication techniques, which can fabricate direct deployable components 

without the necessity of special tooling, and are highly efficient when only low quantities are 

required [1-3]. Since the full melting of the raw metal powder enables the generation of fully 

dense parts within a single production step, with mechanical properties exceeding the 

specifications of the conventional material, the fabrication of highly specialized components 

(like tools, moulds, ultra-lightweight components or medical implants) via AM is on the rise 

[4-7]. One of the major challenges is, to date, the characterization and prediction of the 

properties of additively manufactured structures and their linkage with the selected 

fabrication settings [8]. The most utilized approach to describe the manufacturing process is 

via the energy input of the laser beam per unit volume, commonly referred to as the energy 

density [9]. 

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑒𝑛𝑒𝑟𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑉𝐸𝐷 =  
𝑙𝑎𝑠𝑒𝑟 𝑝𝑜𝑤𝑒𝑟 [W]

𝑙𝑎𝑦𝑒𝑟 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 [𝑚] ×  ℎ𝑎𝑡𝑐ℎ 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [m] ×  𝑠𝑐𝑎𝑛 𝑠𝑝𝑒𝑒𝑑 [m
s⁄ ]

Unfortunately, it appears that this convenient approach via the characterization with a single 

number is not able to sufficiently express the entire complexity of powder-bed based AM 

processes, like SLM [10-12]. Thus, at this stage, a proper description of the manufacturing 

process still requires the listing of the individual irradiation parameters. Hu et al. [13] 

highlighted especially the importance of the scan speed and the layer thickness. In addition to 

the irradiation itself, the information of the raw metal powder, mainly its size and the 

distribution, is also of great importance and should not be neglected. Spierings et al. [14] 

pointed out the necessity of having both small and large powder particles: Fine particles are 

easily molten and favour a good relative density and surface quality; whereas bigger powder 

particles benefit the ductility. On this note, the mechanical properties, such as hardness and 

tensile strength, greatly correspond with the relative density, which is, without a doubt, the 

most utilized characteristic to evaluate the quality of fabricated components [10]. To illustrate 

its importance, the aeronautic industry introduced a minimum relative density of 99% as a 

standardized quality requirement [15].  
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The properties of AM fabricated components are known to be anisotropic, reasoned in the 

layer-wise generation, and, in addition, inhomogeneous, with the latter being related in 

location dependent alterations caused by prolonged dwell-times at elevated temperatures. It 

has been shown that inhomogeneities, which are caused via age-hardening (e.g. in 

aluminium-silicon alloys or age-hardenable steel) can be overcome via a post heat treatment 

[16,17]. Differing statements and conclusions about the inherent anisotropy were reported in 

former studies on stainless steel. For example, the outcomes about the directional 

dependencies of the tensile strength differ widely. For the polar angle (the inclination to the 

layers) the findings range from the predominantly accepted formulation (the highest tensile 

strength and highest breaking elongation are found in a parallel layer to loading direction 

scenario, and the lowest results, with an almost linear tendency, are found when the loading 

direction is in-built direction, i.e. perpendicular to the layers), to the following particular 

findings [4,18]: Sehrt, Witt [19] reported the opposite case, with the highest breaking 

elongation being obtained in the perpendicular loading scenario. Rehme, Emmelmann [20] 

stated that the lowest results for both the ultimate tensile strength and the breaking elongation 

occurred under a 75° angle to the layers, whereas the maximum values for both were 

examined under a 15° angle: Tolosa et al. [21] found an increase in strength by increasing the 

inclination angle from 30° to 45°; whereas Guan et al. [22], on the other hand, reported a 

minimum strength occurring at an 45° inclination. Similarly differing findings also were 

reported for the in-plane dependencies. In general, the effects occurring in-plane are less 

pronounced; Sehrt, Witt [19] even described the influence as being negligible. However, 

there are various findings and it can be concluded that the in-plane dependencies are highly 

influenced by the chosen scan strategy, and thus, the need of their consideration is dependent 

on the individual settings [1]. Niendorf et al. [23] stated that, in addition to the irradiation 

settings, the dimensions of the structure also affected the mechanical strength and altered the 

microstructure. This finding was confirmed by Niendorf et al. [24], reporting noteworthy 

fluctuations of the mechanical properties and a strongly textured microstructure when high 

energy laser systems (1000 W) are utilized. Rashid et al. [17] documented that the scan 

strategy impacted the martensite/austenite ratio in 1.4542 and even caused minor changes in 

the dimension of the component. Similar findings were made by Mahmoudi et al. [25] and, in 

addition, it was highlighted that additively manufactured components show, in general, better 

performance in compressive loading. 
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Another aspect is the influence of the surface roughness on the material strength, with 

machined components yielding better results due to the removal of cracks and defects on, or 

close to, the surface [19,26]. Apart from conventional subtractive procedures, there were 

multiple contactless surface modification feasibility studies undertaken, which all share the 

benefit of offering a similar geometric flexibility as AM. Alrbaey et al. [27] and Schanz et al. 

[28],[29] investigated the surface laser-polishing of AM components and reported successful 

roughness reductions in the range from 80% to 92%. In addition to the surface quality 

enhancement, the laser surface modification can also be utilized to adjust the surface 

hardening, as shown by Martínez et al. [30]. AlMangour, Yang [31] showed that severe shot 

peening is another promising process, which can greatly improve the mechanical properties 

of the surface. However, the pure strength aspect aside, AM provides the unique opportunity 

to directly incorporate additional features, such as textured surfaces to lower the friction, or 

bio-activated (open-porous) surface structures to enhance bone-ingrowth [32,33].  

AM offers, besides its well-known geometric freedom and greatly enhanced yield strength, 

additional opportunities to further enhance the material strength [34]. In recent studies the 

performance gain of 1.4404 via particle reinforcement was extensively investigated: The 

reinforcement via TiC particles was shown to be capable of almost doubling the hardness 

with respect to the unreinforced material [35,36]; and the reinforcement via TiB2 was capable 

of almost tripling the hardness [37]. In addition to the remarkable gain in surface hardness, 

refined microstructural characteristics and a reduced wear rate were reported. 

Within this study, the anisotropic material properties of stainless steel are examined with 

destructive material tests, since the characterisation of the anisotropic material properties via 

non-destructive procedures was found to be inadequate [38]. Moreover, the findings of these 

material tests were compared with the reported results in the literature to acquire a 

comprehensive overview about the inherent directional dependencies and their variation 

amongst various machinery and irradiation settings. Special consideration is given to the scan 

strategy settings and the microstructural development throughout the process. 
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4.1.2 Methodology 

4.1.2.1 Manufacturing Conditions 

In this study, a SLM 280HL machine (SLM Solutions GmbH, Lübeck, Germany) equipped 

with a 400 W Yb-fibre-laser was utilized to manufacture the specimens. It features an 

available build space of 280 x 280 x 320 mm³ and includes a preheating system. The selected 

fabrication parameters are summarized in Table 4-1 and brief explication is provided in 

Figure 4-1. The low carbon stainless steel type EN 1.4404, US 316L (also known as 

X2CrNiMo17-12-2) was chosen as the raw material, which was supplied by SLM Solutions 

and had the following properties; a mean particle diameter of 35.5 μm and an apparent 

powder density of 3.85 g/cm3 (see Chapter 2.2 [39]). 

The tensile specimens were designed in accordance to the German standard DIN 50125:2009-

07 as flat specimen type E 5 x 10 x 40 and fabricated in seven distinct orientations (Table 

4-2, Figure 4-2), subsequently referred to as configurations (a) to (g). The azimuth angle (Θ) 

describes the inclination of the sample to the x-axis and the polar angle (Φ) describes the 

inclination in relation to the xy-plane. The samples were fabricated with an oversize of 0.4 

mm in width and thickness and milled to their final shape. On a side note, various techniques 

and alternatives for the preparation of tensile samples, to the chosen milling process, were 

investigated by Krahmer et al. [40]. Detailed studies on the effects of the positioning and 

inclination on the as-built surface roughness can be found in Chapter 2 [39,41]. 

Table 4-1: Parameter sets utilized for irradiation in SLM for the processing of 1.4404; see 
description of the parameters and the setup in Figure 4-1 

Parameter set Scan speed 
[mm/s] 

Laser power 
[W] 

Hatch distance 
[mm] 

Rotation angle 
increment [°] 

Energy density 
[J/mm3] 

Contour 400 100 0.09 - 92.6 

Core 800 200 0.12 33 69.4 

Final layer 400 300 0.1 - 250.0 

Support 875 200 - - - 

Common 

Layer thickness of 30 μm 

Mounting plate temperature of 200°C 

Nitrogen is employed as the inert gas 

Contour is irradiated first, followed by the core, 
utilising the line scanning strategy with a scan vector length of 10 mm 

Limitation window of 90°, respectively ± 45° to the y-axis 
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Table 4-2: Summary of positioning details for all considered configurations, grouping of 
individual manufacturing jobs and corresponding time per job 

Configuration Polar angle  Φ ; αXY [°] Azimuth angle  Θ ; αX [°] Total runtime [h] 

(a) 0 0 
39.5 

(b) 0 90 

(c) 15 0 

86.5 

(d) 45 0 

(e) 75 0 

(f) 90 0 

(g) 90 90 

*Slight deviations from 0° and 90° angles were introduced for the azimuth angle of the in-plane orientated
configurations ((a) and (b)) to improve the recoating process by ensuring that its blade does not abruptly hit the 
entire edge at once. 

Figure 4-1: Schematic depiction of the SLM process; (i) the representation of the geometry 
via single scan tracks and layers; (ii) the build environment 

Figure 4-2: Tensile samples on the substrate plate, overview of the positioning and 
arrangement 

(i) (ii) 
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4.1.2.2 Material Testing 

• Composition and Density

The material composition was determined with optical emission spectrometry (Q4 

TASMAN, Bruker Corp., Billerica, Massachusetts, USA) on the machined samples. Based on 

the determined composition and the corresponding theoretical density the relative density was 

obtained via the Archimedes method. 

• Hardness

Surface hardness tests were systematically conducted on the clamping areas of the as-built 

and machined samples. Four indentations were evaluated on each sample. The hardness 

measurements were undertaken with a Reicherter KF hardness tester (Reicherter Georg 

GmbH Co Kg, Esslingen, Germany) in accordance to the DIN EN ISO 6507-2 standard. The 

testing force was set to 294.1 N and the hardness was obtained in HV30. 

• Tensile Testing

For the destructive material tests, a tensile testing machine (Zwick/Roell, Ulm, Germany) 

with an inbuilt extensometer was utilized. The maximum load for this machine and the 

employed load cell was 100 kN and the initial distance of the extensometer was set to 50 mm. 

The testing procedure was carried out in accordance to the German standard DIN EN ISO 

6892-1:2009-12 with a constant crosshead speed of 5 mm/min and a total of 42 samples (6 

samples per configuration) was tested. 

In addition, 3 out of 6 samples per configuration were equipped with an additional strain 

gauge (Type FCB-2-17-1L, Tokyo Sokki Kenkyujo Co., Ltd., Tokyo, Japan), comprising two 

individual measurement grids in perpendicular arrangement to each other (each with a size of 

1.5 x 2.5 mm2). The tensile setup is depicted in detail in Figure 4-3. 
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Figure 4-3: Tensile testing setup with extensometer and strain gauge 

• Microstructure

For investigations of the microstructure, segments were taken from the tensile samples, which 

were embedded in a hot mounting resin. Various grinding and mechanical polishing steps 

were performed to expose the metallurgical structure. The visibility of the scan track pattern 

and the inherent grain structure was enhanced by a subsequent etching process. High 

resolution images of the etched micro-sections were taken with an optical light microscope 

(Carl Zeiss Microscopy GmbH, Jena, Germany). 

4.1.3 Results and Discussion 

4.1.3.1 Density and Composition 

The chemical composition has been examined on numerous samples of both batches and the 

averaged compositions are shown in Table 4-3. In short, the deviations amongst the two 

batches are negligible and are within the specifications of 1.4404. With the Archimedes 

method a consistent relative density greater than 99% (machined condition) was determined. 

Table 4-3: Chemical composition of the specimens, all values in weight-percent 

Config. Fe C Si Mn P S Cr Ni Mo N 

(a)-(b) Bal 0.031 0.564 1.044 < 0.005 0.007 16.837 11.691 2.371 - 

(c)-(g) Bal 0.0235 0.585 1.051 < 0.005 < 0.005 16.994 11.257 2.390 - 

DIN EN 
10088-3 Bal < 0.03 < 1 < 2 < 0.045 < 0.03 16.5-

18.5 10-13 2-2.5 < 0.1 
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4.1.3.2 Hardness 

The hardness results were consistent along all directions and the obtained results ranged from 

223 HV to 234 HV for the machined condition and, respectively, from 235 HV to 245 HV in 

the as-built condition (Table 4-4), which is in perfect agreement to the documented values in 

the literature (Table 4-5). Throughout all configurations, the surface hardness in the as-built 

condition exhibited an increased hardness, on average around 11 HV higher. 

Table 4-4: Surface hardness results per configuration obtained on the machined samples 

Configuration Vickers hardness 
core [HV30] 

Standard deviation 
core [HV30] 

Vickers hardness 
contour [HV30] 

Standard deviation 
contour [HV30] 

(a) 226.7 6.1 242.8 18.4 

(b) 234.4 8.0 245.0 12.2 

(c) 229.9 5.6 243.3 26.9 

(d) 227.8 7.2 235.5 11.0 

(e) 230.4 6.2 240.6 14.3 

(f) 223.6 7.9 236.6 13.7 

(g) 229.2 8.3 235.2 9.3 

Table 4-5: Hardness results 1.4404, comparison with literature and supplier specification; 
relative densities (≥ 99%) 

Reference Vickers hardness Machine Max. laser power [W] 

This work 223-245 HV30 SLM 280HL 400 

Cherry et al. [10] 220-225 HV Renishaw AM250 200 

Tolosa et al. [21] 
215-255 HV 

mean of 235 HV 
SLM 250 Realizer - 

Kruth et al. [42] 220-250 HV0.1 - - 

Montani et al. [43] 245 HV Prototype, not further 
specified 1000 

Sheet metal, typical value 
[44-46] 

~ 220 HV 
(212-217 HB) - - 

Unlike the previous investigation on AlSi10Mg (Chapter 3.1 [16]), the hardness 

measurements did not exhibit a noteworthy deviation along the specimens, indicating a 

homogeneous structure of the 1.4404 samples. The reason for the inhomogeneities 

encountered in the AlSi10Mg samples was related to the alloy being age-hardenable. A 

precipitation hardening occurred within the process, triggered by the dwell times at elevated 

temperatures in the build chamber. In the instance of stainless steel, the difference between 

the present temperatures in the build chamber compared to its melting temperature is greater, 
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by far, than it was the case for AlSi10Mg. Thus, for 1.4404 it can be concluded that the risks 

of inducing microstructural inhomogeneities due to the dwell times are negligible at this 

point. Yadroitsev et al. [47] have shown that preheating temperatures above 500°C result in 

the formation of satellites adjoined to the scan tracks and, in addition, the generation of 

unwanted splatters, which negatively affect the surrounding powder-bed. Given this upper 

limitation for suitable preheating temperatures, coupled with the finding of Krakhmalev et al. 

[48], that the microstructural characteristics of 1.4404 stays stable up to 900°C before 

significant grain coarsening occurred, it can be concluded that inhomogeneities are unlikely 

to occur in 1.4404. It should, however, be noted that the correlated stress relieving effects at 

higher temperatures lowered the hardness results [49]. Furthermore, one exception should be 

emphasised, in cases where the solidification morphology, i.e. columnar or equiaxed growth 

morphology, is crucial, the temperature field, and accordingly the preheating temperature, is 

key for the successful fabrication [50]. This is, for example, the case when single crystal 

structures are manufactured. However, for age-hardenable steel types (such as the 1.4542 

(17-4PH) stainless steel) the risk of inhomogeneous altering of the properties within the 

process is not to be ignored; AlMangour, Yang [51] pointed out that for additively 

manufactured 1.4542 an age-hardening with superimposed grain coarsening occurred at 

480°C.  

One noteworthy and consistent relation stood out in the study at hand; comparing the 

configurations with identical polar angles, the configurations with a 90° azimuth angle 

revealed higher core hardness results (Figure 4-4). This finding will be addressed at a later 

point together with the findings of the tensile test and the micro-sections. 

Figure 4-4: Orientation dependency of the surface hardness in both, the as-built and machined 
condition 
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4.1.3.3 Tensile Strength 

The samples throughout all configurations revealed arbitrary occurrence of failure along the 

gauge length, thus, confirming the presence of a holistic homogeneous structure. Hence, the 

subsequently discussed deviations originated solely from the inherent directional 

dependencies, yet, differentiations were necessary for both the polar and azimuth angle. The 

averaged results, as well as the according standard deviations, of the tensile test are presented 

in Table 4-6. These are drawn from six samples each, except Poisson’s ratio, which is based 

on three measurements each. The latter will be investigated more in detail in a separate 

publication, since the encountered findings are scattered within the entire possible range of 

Poisson’s ratio (i.e. between 0 and 0.5 [52]), with one exception even being outside this 

range. Thus, requiring to consider theories known from porous and composite material, 

which can exhibit Poisson’s ratios greater than 0.5 [53]. 

Similarly as in the hardness evaluation, the samples with an azimuth angle of 90° stood out. 

Considering the in-plane orientated configurations (i.e. (a) and (b)), the Young’s modulus 

differed by more than 30%, whereas the deviations in the yield strength and UTS were 

marginal. Interestingly, this huge dependency of Young’s modulus on the azimuth angle was 

only present for the samples with a polar angle of zero degree. This finding contradicts Sehrt, 

Witt [19], who reported that the in-plane orientation can be neglected. However, this 

simplification was extended; Sehrt [1] added that the in-plane tendencies correspond with the 

irradiation strategy and especially the rotation angle of subsequent layers. He reported that 

the negligible case corresponds with a 67° increment between layers, which was the only case 

the Young’s modulus was independent from the azimuth angle. On a side note, a further 

possibility to promote an isotropic material behaviour via a second irradiation of each layer, 

with a 90° rotation increment between the two irradiations, was reported by AlMangour et al. 

[54]. 
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Table 4-6 Averaged results for the tensile properties of 1.4404 

Config. 
Young's modulus 

E [GPa] 
Yield strength 

Rp0.2 [MPa] 
Ultimate tensile strength 

Rm [MPa] 
Elongation at failure 

At  [%] 
Poisson's ratio 

ν [-] 

Average STDEV Average STDEV Average STDEV Average STDEV Average STDEV 

(a) 151.01 25.56 516.51 7.16 634.43 7.39 33.24 0.57 0.444 0.031 

(b) 207.57 24.22 539.47 3.29 643.67 3.25 42.74 0.82 0.155 0.014 

(c) 147.87 23.59 501.32 7.70 624.65 4.36 34.09 1.12 0.479 0.058 

(d) 227.35 25.12 589.89 11.86 698.98 23.65 32.56 10.17 0.203 0.024 

(e) 151.43 18.80 485.65 11.93 571.23 18.63 22.84 7.27 0.558 0.020 

(f) 137.78 14.25 438.60 9.69 511.99 17.95 11.76 5.38 0.453 0.005 

(g) 137.83 16.25 457.21 17.29 530.22 8.09 17.46 4.42 0.170 0.085 
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The breaking elongation was considerably higher for both cases with Θ = 90°, which 

respectively increased by 28.5% (configuration (a) to (b)) and 48.5% (configuration (f) to 

(g)). These findings coincide with those of Meier, Haberland [18], which also reported 

fluctuations of the breaking elongation with a varying azimuth angle. 

Yet, the results of this investigation are in perfect agreement with the polar angle being the 

major directional dependency, influencing all tensile characteristics. The polar angle 

dependencies of each single characteristic are depicted in detail in Figure 4-5 to Figure 4-8, 

and compared with the results of related studies. Interestingly, the maxima for the Young’s 

modulus and the tensile strength were evident for Φ = 45°. On a side note, given this, 

superimposed with the azimuth angle dependency, it can be anticipated that in the case at 

hand the combination of Φ = 45° and Θ = 90°, which was not investigated in the present 

study, would yield the highest results with the utilized manufacturing settings. Fluctuations in 

the strength (yield and ultimate tensile strength) and, especially, in the breaking elongation by 

alterations of the polar angle were frequently reported. However, alterations in the linear 

elastic behaviour are far less investigated and the few existing studies are not in agreement. In 

addition to the depicted results (Figure 4-5), Rehme, Emmelmann [20] stated that there is no 

dependency of the Young’s modulus on the polar angle evident. Based on the results of this 

work, however, there were remarkable deviations present. The nature of these deviations is 

not holistically clarified yet and will be addressed in a future work. 

Figure 4-5: Orientation dependency of Young’s modulus; comparison with reported results 
[4,55] 
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Figure 4-6: Orientation dependency of the yield strength; comparison with reported results 
[4,14,18,20,21] 

Figure 4-7: Orientation dependency of the ultimate tensile stress; comparison with reported 
results [4,14,18-20,56] 

Figure 4-8: Orientation dependency of the elongation at fracture; comparison with reported 
results [4,14,18-20,56] 
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The specific progress of the tendencies in the tensile strength values also differs noticeably 

between independent studies (Figure 4-6 and Figure 4-7). Considering the general 

formulation about the occurrence of the highest strength and breaking elongation in the 

parallel layer to loading orientation, it can be concluded that this is indeed correct in many 

instances, but only partially correct when considering the big picture and far away from being 

applicable as a general rule. The tensile strength, no matter if considering yield or ultimate 

strength, showed a general tendency of being higher for the parallel loading to layer case. 

However, the progression in between the extrema (i.e. parallel and perpendicular) did not 

follow a general rule. It differed greatly by chosen manufacturing settings and setup applied 

amongst these various studies and it is also highly volatile to the individual material 

characteristics. For a conventional bulk base material there is a direct correlation between the 

ultimate tensile strength and the surface hardness and the conclusion from one characteristic 

to the other is well-known, e.g. the German standard for conversion of hardness values to 

ultimate tensile strength for steel DIN 50150:1976-12. When comparing the fluctuating 

results for the ultimate tensile strength (Table 4-6), ranging from 512 MPa to 699 MPa, with 

the constant hardness results (Table 4-4), it can be concluded that this conversion is not 

constructive for selective laser melted samples. A few similar findings were reported in the 

literature, which indicate that the correlation of the tensile strength and the surface hardness 

is not given in AM: Mertens et al. [57] showed that via an optimized preheating temperature 

the ultimate tensile strength of 1.2344 could be drastically increased, this increase, however, 

was coupled with a decrease in hardness. Abd-Elghany, Bourell [34] argued that this 

incongruity is reasoned in the differing thermal environments, i.e. close to the free-surface 

and core. 

Proceeding with the breaking elongation, which appears to be, by far, the most volatile 

characteristic to alterations in the orientation (Figure 4-8). In this instance there is no clear 

tendency evident, the range of reported results scatters greatly and the progression behaviour 

appears random at first glance, leading to the question of how this can be the case. Clearly, to 

holistically clarify this question, more work needs to be done. For now, the major causes for 

these deviations are anticipated to be inherent residual stresses and incomplete fusion 

between scan tracks and layers. Both result in a weakening of the material in a predominant 

direction, but depending on where the defect occurs, the weakening varies in its predominant 

direction. Furthermore, these effects are greatly influenced by the utilized laser power and the 

ability to control the thermal environment, e.g. by the range of available preheating 
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temperatures, which alter the microstructural development. On a side note, Wang et al. [58] 

and AlMangour et al. [59] reported that defects and pores in the as-built state can be 

overcome, to a great extent, by applying a subsequent hot isostatic pressing (HIP) treatment. 

Leuders et al. [60] have found that HIP increases the ductility of 1.4404, but due to the 

reduction in strength and the already very good properties in the as-built state a post-heat 

treatment is in most cases not required. However, due to the inherent residual stresses, which 

can go far beyond the yield strength of the equivalent yield strength of the equivalent 

wrought material, heat treatments prior to removal from the substrate plate need to be carried 

out to avoid deformations and correlated accuracy issues [61]. On a side note, the residual 

stresses in SLM have a predominant direction and are generally higher in direction of the 

scan track [62]. 

4.1.3.4 Comparison AM and Bulk Base Material 

Additively manufactured material generally exhibits higher strength, coupled with a reduced 

ductility (Figure 4-9). Yield and ultimate tensile strength were exceeded by far, yet the 40% 

minimum breaking elongation of bulk base 1.4404 is a criterion which was only achieved by 

one out of seven configurations. Another aspect which should be emphasised is the greatly 

reduced difference between the yield point and the ultimate tensile strength caused by AM 

[8]. In Table 4-7, several achieved ratios for 1.4404 are compared with its bulk base material. 

It should be noted that a similar finding was also reported for 1.4307 (US 304L) [34]. For 

safety aspects it is beneficial if the difference between these measures is large. Thus, this 

peculiarity is to be noted for components designed for fabrication via AM. It should be 

pointed out that this behaviour is not particularly negative; it simply is something which 

needs to be considered. Amongst materials with high strength it is very common and due to 

AM this behaviour is also introduced in materials which do not show this behaviour when 

fabricated with conventional procedures. 
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Figure 4-9: Comparison of additively manufactured and its bulk base 1.4404 [63] 

Table 4-7: Ratio between the yield point and the ultimate tensile strength for 1.4404 

Reference Configurations Range Re/Rm [-] Averaged* ratio Re/Rm [-] 

this work 7 0.8026-0.8623 0.8383 

Meier, Haberland [18] 5 0.8621-0.9261 0.8889 

Merkt [4] 3 0.7819-0.7877 0.7844 

Rehme, Emmelmann [20] 150 0.8400-0.8877** 0.8597** 

Riemer et al. [49] 
1 0.8177 - 

heat treated 2 h, 650°C 0.7445 - 

Spierings et al. [14] 3 0.7941-0.8648 0.8380 

Tolosa et al. [21] 15 0.9163-0.9967 0.9565 

bulk base 1.4404 [63] - 0.4 - 

* Investigated configurations are valued equally, sample sizes neglected

** only Θ = 0° and Φ = 0° - 90° considered 

4.1.3.5 Comprehensive Analysis of the Directional Dependencies and 

their Origin 

Next, the inherent directional dependencies are investigated further and to emphasise that 

their forming are greatly influenced by the chosen material, the direct comparison with a 

previous study on an aluminium based die-cast alloy (AlSi10Mg) is drawn [16]. When 

comparing the polar angle dependencies of 1.4404 with the dependencies of AlSi10Mg a 

clear influence of the material can be shown. AlSi10Mg exhibited the lowest tensile strength 

under Φ = 45°, which is precisely where 1.4404 had its peak strength. The explanation for 

this opposing finding is based on the microstructural development during AM fabrication. 
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The microstructure of AlSi10Mg revealed clear traces of every single scan track, which 

inherits an inhomogeneous nature. The Al grain boundaries are surrounded with Si particle 

segregations, which mainly take place in the connection between scan tracks and layers, 

namely hatch overlaps and wetting areas (see Figure 4-1i) [64,65]. These segregations on the 

grain boundaries have a stabilization effect and prevent secondary grain coarsening or 

growth. Furthermore, the Si-rich areas along the boundaries are comparably brittle, thus 

representing a weak spot for fracture. Given that the line scanning approach is most 

commonly coupled with a rotation angle in between subsequent layers, these brittle 

predetermined breaking points are far more emphasised between layers (in z-direction), than 

is the case in either x- or y-direction. Applying a tensile loading under 45° to the layers 

results in the maximum shear stress acting parallel to the layers, thus shearing the layers apart 

along these embrittled areas, which are rich in Si-segregations. 

Considering the microstructure of 1.4404, there are no obstacles for ongoing grain growth. 

Thus, subsequent heat inputs, due to the neighbouring scan track or subsequent layer being 

generated, alter the grains of the already solidified material [49]. This behaviour is commonly 

referred to as epitaxial grain growth, describing the tendency of needle-like grain growth 

towards the heat source [24,66]. Due to this tendency, the grains of 1.4404 grew through the 

individual layers (in direction of the heat source), causing an interlocking of the individual 

layers (Figure 4-10). This interlock occurs in all directions, i.e. through layers and also 

through neighbouring scan tracks. Since the scan track direction is altered between layers this 

interlocking mechanism can be seen best in the build-up direction. An exemplified depiction 

of these underlying mechanisms is depicted in Figure 4-11 and a direct comparison of the 

obtained polar angle dependencies is provided as well, which clearly points out the resulting 

opposing, material dependent, progressions. Further examples for the material dependency on 

the development of directional anisotropies in AM are found in the literature. In the work of 

Sehrt [1] it was seen that the NiCr alloy (Hastelloy X) developed a more emphasised polar 

angle dependency than the stainless steel GP1 did. The results of Spierings et al. [67] on a 

AlMgSc alloy (Scalmalloy) suggested that for this material the polar angle dependency can 

be neglected entirely, since the reported deviations are below 3.4%. Given this, there cannot 

be a true generalized statement on the inherent anisotropic character of AM fabricated 

components. At the least, differentiations on the underlying material have to be made. 
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Figure 4-10: Microstructure of 1.4404, taken in longitudinal direction of the tensile samples 
of (i), (ii) configuration (a); (iii), (iv) configuration (b); and (v), (vi) configuration (d). Left-
hand column: lower resolution; right-hand column: higher resolution 

Single tracks 
Epitaxial grains 

(ii) 

(vi) 

(iv) 

(i) 

(iii) 

(v) 
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Figure 4-11: Comparison of the microstructural characteristics of (i) 1.4404 stainless steel 
and (ii) AlSi10Mg, as well as their (iii) strength dependency on the loading versus layer 
orientation, includes results from Chapter 3.1 

Returning to the micro-sections (Figure 4-10), in these, there is also the answer for the 

encountered deviations regarding the azimuth angle. A closer look at the shape of the single 

scan tracks yielded the following. The cross-section of the configuration (a) samples mainly 

revealed oblong scan tracks, thus indicating that the majority of the scan tracks were 

fabricated around a parallel orientation to the longitudinal axis. For the configuration (b), the 

other case was evident, single bead cross-sections can be seen clearly, indicating that the 

single scan tracks were predominantly fabricated perpendicular to the specimen’s 

longitudinal axis. These findings yield the following constellation: In configuration (a), the 

loading occurred predominantly parallel to the scan tracks, whereas in the case of 

configuration (b), the loading occurred predominantly perpendicular to the scan tracks, with 

the latter yielding the higher strength.  

These differing stacking patterns are based on the applied irradiation pattern, more precisely 

on the limitation window, which limits the admissible range of irradiation directions. Its main 

purpose is to exclude all scan directions which result in a laser irradiation movement towards 

(i) (ii) 

(iii) 



Page 199 

the inert gas stream. The reason for this limitation is to prevent any interaction of emerging 

weld splashes and smoke with the ongoing irradiation [68]. These particles get transported 

out of the build chamber via the inert gas flow; hence, a laser movement in the direction of 

the inert gas stream is likely to cause unwanted interactions with these particles and can cause 

defects in the fabrication process due to a lack of highly focussed power. However, on the 

other hand this precaution limits the range of possible rotation increments of subsequent 

layers and causes the occurrence of predominant directions. In this study the allowed range of 

possible track vectors was 90°, which limits the possible track vector range to ± 45° with the 

track vectors always pointing in the negative y-direction (opposed to the inert gas stream), 

which respectively results in the lower increment boarder at 135° and the upper boarder at 

225° (Figure 4-12). With the rotation increment set to 33° (Table 4-1), the sequence of track 

vectors and scan track vector angles, as outlined in Table 4-8, arises. 

The findings show that in SLM the properties of the generated part are greatly affected by the 

applied scanning pattern and a thorough prediction of the properties of additively 

manufactured components prior to fabrication is a current challenge. Since the SLM process 

represents a micro-welding process, in a well-controlled build chamber, the general 

correlations between the solidification of a scan track and its microstructure is similar to the 

weld microstructures. Therefore, the microstructural characteristics of a single scan track 

follow the rules of a rapid solidification starting from the melt pool boundary, i.e. the contact 

between the melt and the solid material [69]. It should be noted that the energy input, 

although the laser source operates during the core irradiation at a constant speed and 

irradiation intensity, is not constant. Trapp et al. [70] investigated intensively the fluctuations 

and alterations of the absorptivity in the powder bed, and it was shown that the real 

absorption differs greatly from the known values from powder-layer and liquid metal 

estimates. Hence, it can be concluded that, although the physics from welding applies, the 

changes and interactions between powder-state, liquid state and consolidated metal state 

render the thorough prediction more complicated and more work needs to be done until a full 

understanding is achieved. On a side note, for powder-bed based AM techniques the single 

scan tracks are two-dimensional only. When considering nozzle-fed AM technologies, the 

scan strategy becomes a three-dimensional construct, introducing further complexity in terms 

of the prediction of the properties [71]. 
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Figure 4-12: (i) Irradiation strategy and (ii) limitation window; adapted from [8,68] 

Table 4-8: Exemplary calculation of the direction of subsequent irradiation tracks 

Layer Track vector angle Scan vector angle 

1 [bottom increment limitation border]  = 135° [track vector angle] ± 90° = 45°; 225° 

2 [previous track vector angle] + [rotation angle 
increment] = 135° + 33° = 168° [track vector angle] ± 90° = 78°; 258° 

3 [previous track vector angle] + [rotation angle 
increment] = 168° + 33° = 201° [track vector angle] ± 90° = 111°; 291° 

4 

would be outside the limitation window!, thus: 
[previous track vector angle] + [rotation angle 
increment] – [top Increment limitation border] 

+[bottom Increment limitation border] = 201° + 33° 
- 225° + 135° = 144° 

[track vector angle] ± 90° = 54°; 234° 

5 [previous track vector angle] + [rotation angle 
increment] = 144° + 33° = 177° [track vector angle] ± 90° = 87°; 267° 

4.1.4 Conclusion 

In this study, the peculiarities of additively manufactured material were addressed using the 

example of stainless steel. It was shown that homogeneous structures can be fabricated and 

preheating temperatures of up to 200°C do not cause location dependent alteration of the 

microstructure. The scan strategy was found to massively influence the material 

characteristics and even simple precautions, such as limiting the irradiation pathways to avoid 

possible interactions between emerging particles with the laser beam, promote inherent 

directional dependencies. In addition, the general rule of higher strength occurring in a 

parallel layer to the loading direction, in comparison to the perpendicular layer to loading 

scenario, was proven accurate. However, the progression of the mechanical characteristics by 

altering the inclination between the loading and the layers differed and was shown to be 

(i) (ii) 
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highly material dependent. Stainless steel exhibited its peak strength and maximum Young’s 

modulus under a 45° offset between the layer and loading direction, whereas the aluminium-

silicium alloy AlSi10Mg revealed the lowest strength in this instance. In regard to the 

breaking elongation, the tested specimen showed a noteworthy drop in ductility past an 

inclination offset of 45°. Considering the disparate tendencies found in related studies, it can 

be concluded that the orientation dependency of the ductility in AM is, to date, not fully 

understood and further in-depth investigations need to be undertaken. Moreover, future work 

is aimed towards the modification and extension of classical welding theory to enable the 

prediction of additively manufactured components prior to fabrication. 
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Abstract 

The thorough description of the influence of the process conduct in powder-bed based 

additive manufacturing on the mechanical properties of the fabricated components represents 

an ongoing challenge. A recent investigation highlighted that a minor safety feature, such as 

limiting the range of possible laser beam movements to avoid interactions between the 

irradiation and emerging smoke and weld splashes, can cause a noteworthy alteration of the 

mechanical properties. In this study, the tensile characteristics of selective laser-melted 

stainless steel (1.4404, 316L) fabricated with two different process conducts were 

investigated, both of which yielded similar relative densities and surface hardness values. It 

was found that besides these two characteristics the tensile strength (yield and ultimate tensile 

strength) remained stable, whereas the linear elastic properties, as well as the breaking 

elongation, exhibited great fluctuations. The Young’s modulus in the build-plane ranged from 

151 to 208 GPa, and the breaking elongation ranged, respectively, from 33% to 43%. 

Furthermore, it has been found that this anisotropy is an adjustable characteristic and can be 

modified via two parameters, the rotation angle increment of the irradiation pathways 
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between successive layers and their total admissible range, also referred to as the limitation 

window. 

4.2.1 Introduction 

Additive Manufacturing (AM) techniques utilizing metals, and especially those employing 

the full melting of the raw material, represent powerful freeform fabrication methods, capable 

of generating directly deployable components with excellent mechanical properties [1]. 

Within the range of techniques available, this investigation focusses on the Selective Laser 

Melting (SLM), also known as Laser Beam Melting (LBM). This particular process unites the 

opportunities to realize complex geometries and shapes with good accuracy and, moreover, 

allows altering the surface characteristics and material properties via processing parameters 

[2-4]. The latter two points are of outstanding value for the application in the medical sector. 

For example, the ability to design rough and porous surfaces, which promote bone ingrowth 

and increase the contact surface area, was proven to lower the likelihood of implant rejections 

[5-7]. Moreover, the opportunity to adjust the stiffness via the deliberate fabrication of porous 

structures, or via the process conduct in the case of fully dense components, can be utilized to 

enhance the compatibility with the body and to mitigate stress-shielding effects [8-10]. The 

alterations of the stiffness, or respectively the adjustment of the elastic material behaviour, 

via a designed porosity or via the relative density are common and well-known traits [11-14]. 

Less investigated are the alterations in fully-dense components via the processing parameters: 

Niendorf et al. [15] studied the volatility of the tensile characteristics of stainless steel in 

dependency to the laser power. It was found that the utilization of a high power laser source 

(up to 1000 W) resulted in a noteworthy decrease of both the elastic modulus and the yield 

strength, coupled with a small decrease in the ultimate tensile strength, but also in a drastic 

gain in ductility. Moreover, the deliberate and controllable inclusion of inhomogeneity was 

presented, utilizing multiple laser sources with different power levels in a single machine 

[16]. However, this alteration mechanism is most effective to influence the properties along 

the build direction, due to its foundation being primarily the epitaxial grain growth of 

stainless steel, which, process-related, is most emphasised in the direction of the heat source, 

i.e. perpendicular to the layers [17]. In general, the layer-wise fabrication approach yields to 

an anisotropic material behaviour. The stiffness, the mechanical strength and ductility, as 

well as the fracture toughness of selective laser melted components are higher in load 

scenarios parallel to the layers, opposed to perpendicular to it (see Chapter 3 [18,19]). The 

emphasis on this, as well as the progression of the characteristics in between these distinct 
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orientations, commonly referred to as polar angle dependency, was previously shown to be 

highly material-dependent (see Chapter 4.1 [20]). However, whilst pursuing the study on the 

polar angle dependency an anisotropic behaviour in the 2D-plane of the layer was noticed. 

Breaking down the 2D layer into distinct, process related, translational motions, i.e. the 

recoating movement (x) and the inert gas flow (y), tensile samples fabricated in these two 

directions were found to differ in their Young’s modulus by as much as 30%. Interestingly, 

the encountered in-plane anisotropy was restricted to the linear-elastic properties (i.e. 

Young’s modulus and Poisson’s ratio) and the breaking elongation, whereas the tensile 

strength, both the yield and ultimate tensile strength, remained stable on the other hand. In 

general, the anisotropic effects occurring in-plane are less pronounced as the directional 

dependencies in respect to the polar angle (see Chapter 4.1 [20]). Kunze et al. [21] found in 

their study on additively manufactured Inconel that the Young’s modulus was dependent on 

the build and scanning direction, with its minima being parallel to the build direction and in 

the direction of the scan vectors. Sehrt, Witt [22], on the other hand, described the in-plane 

anisotropy as negligible in their study. However, the in-plane dependencies are highly 

influenced by the chosen scan strategy, or in other words, the process conduct of the 

assembling schemata applied, which discretises an entire component as layered sequence of 

individual scan tracks. Thus, the presence of in-plane anisotropy is dependent on the 

individual manufacturing settings, allowing it to be adjustable at will to embed a deliberate, 

customised anisotropy in fully-dense parts. Sehrt [23] reported that a 67° rotation increment 

between layers led to a constant in-plane Young’s modulus. Thijs et al. [24] documented a 

significantly reduced texture in AlSi10Mg when the scan vectors of consecutive layers are 

rotated by 90°. Moreover, it was shown that subdivisions with varying rotation angles within 

one single layer in a chessboard-like arrangement have no noteworthy benefit over the 

simpler line scanning approach. In addition, it was emphasised that for the line scanning 

approach the choice between either uni- or bidirectional scan tracks does not alter the texture. 

In terms of the line scanning approach, there is one more parameter to consider, i.e. the length 

of the scan tracks. The selection of this parameter is a compromise between: the risk of 

occurring cracks and deformations due to induced residual stresses, emphasised by long scan 

tracks; and the risk of promoting keyhole pores, or voids in general, as their likelihood 

increases with the number of single scan tracks required, which is directly related to the size 

of the individual scan track [25,26]. As a result, the most common and recommended 

approach to tackle this issue is to choose a medium to large scan track lengths to lower the 

number of total voids, likely to occur on the scan track start and end points, and to counteract 
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the arising residual stresses via elevated preheating temperatures in the build chamber 

[27,28]. 

Within this study, the emphasis of the induced in-plane anisotropy on varying line scanning 

parameter sets is investigated on the example of stainless steel. The utilised parameter sets 

are based on recommended settings from the machine manufacturer and rely on the line 

scanning approach, but differ in terms of the rotation angle increment, the scan track length 

and the selection of the limitation window. The latter is an in-build precaution feature, 

limiting the allowable range of scan directions to prevent interactions between the laser 

irradiation and particles in the inert gas stream [29]. It is believed that this parameter 

contributed to the encountered in-plane anisotropy in our previous study (see Chapter 4.1 

[20]). This work is also aimed to explain possible deviations found across comparable 

studies, and possible changes in the properties of manufactured components reasoned in 

software updates. 

4.2.2 Methodology 

4.2.2.1 Manufacturing Conditions 

In this study, a SLM 280HL machine (SLM Solutions GmbH, Lübeck, Germany) equipped 

with a 400 W Yb-fibre-laser was utilized. It features an available build space of 280 x 280 x 

320 mm³ and includes a preheating system, integrated in the mounting plate underneath the 

substrate. Two standard parameter sets, recommended by the machine supplier for the 

processing of the low carbon stainless steel type EN 1.4404, US 316L (also known as 

X2CrNiMo17-12-2) were utilized (Table 4-9) for the fabrication of the samples. The metal 

powder was supplied by SLM Solutions and had the following properties; a mean particle 

diameter of 35.5 μm and an apparent powder density of 3.85 g/cm3. Its detailed properties, 

together with the resulting surface roughness characteristics in dependency to the varying 

contour irradiation settings and in regard to the distinct position in the build space, have been 

addressed in previous studies (see Chapter 2 [30,31]). 

A schematic depiction of the involved parameters in the layer-wise generation process, 

comprising single scan tracks with layer-dependent alterations, is provided in Figure 4-13. 

Based on the differing settings on the limitation window and the rotation angle increment the 

arising stacking schemata vary. For the cases at hand, the layered scan vector arrangements as 

outlined in Table 4-10 result. The start condition is the lower increment border of the 
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limitation window equalling the initial track vector direction, with the scan track vectors 

placed in altering perpendicular directions. The track vector direction is continuously 

changed by constantly adding the rotation increment after every layer, until the upper 

limitation window is exceeded. In this case, the new vector track is defined by the lower 

limitation window border plus the former excess. From there, the pattern continues by adding 

the rotation increment after every layer until the upper limit is exceeded again. 

Flat tensile specimens, in accordance to the German standard DIN 50125:2009-07 [32], type 

E 5 x 10 x 40, were fabricated in two distinct orientations (Figure 4-14), respectively in x and 

in y direction. Hereby, the width of the samples represents the build direction and for the 

desired investigation of the in-plane anisotropy no inclination relative to the substrate plate 

was considered, i.e. the polar angle for all configurations equals zero (Table 4-9). Details 

about the influence of the inclination angle to the substrate plate can be found elsewhere [20]. 

The specimens were fabricated with an oversize of 0.4 mm and machined to their final shape. 

Hence, the deviations in the contour irradiation settings can be truly neglected and were only 

of relevance for the previously mentioned surface quality investigations. 

Table 4-9: Parameter sets utilized for fabrication; differentiated between constant and case 
dependent settings, i.e. parameter set 1 and 2 

Parameter set Scan speed 
[mm/s] 

Laser 
power [W] 

Hatch 
distance 

[mm] 

Rotation angle 
increment [°] 

Energy density 
[J/mm3] 

(1) 

Core 750 175 0.12 90 64.8 

Contour 550 100 0.09 - 67.3 

Support 650 100 - - - 

Scan vector length of 7.5 mm 

Limitation window of 160°, respectively ± 80° to the y-axis 

(2) 

Core 800 200 0.12 33 69.4 

Contour 400 100 0.09 - 92.6 

Support 875 200 - - - 

Scan vector length of 10 mm 

Limitation window of 90°, respectively ± 45° to the y-axis 

Constant settings 

Layer thickness of 30 μm 

Mounting plate temperature of 200°C 

Nitrogen is employed as the inert gas 

Contour is irradiated first, followed by the core, utilising the bidirectional line 
scanning strategy 
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Table 4-10: Layer stacking, track vector and scan vector orientations 

Parameter set (1) Parameter set (2) 

Layer Track vector angle Scan vector angle Track vector angle Scan vector angle 

n [bottom increment limitation border]  = 100° [track vector angle] 
± 90° = 10°; 190° [bottom increment limitation border]  = 135° [track vector angle] 

± 90° = 45°; 225° 

n+1 [previous track vector angle] + [rotation angle 
increment] = 100° + 90° = 190° 

[track vector angle] 
± 90° = 100°; 280° 

[previous track vector angle] + [rotation angle 
increment] = 135° + 33° = 168° 

[track vector angle] 
± 90° = 78°; 258° 

n+2 

would be outside the limitation window!, thus: 
[previous track vector angle] + [rotation angle 

increment] – [top increment limitation border] + 
[bottom increment limitation border] = 190° + 90° - 

260° + 100° = 120° 

[track vector angle] 
± 90° = 30°; 210° 

[previous track vector angle] + [rotation angle 
increment] = 168° + 33° = 201° 

[track vector angle] 
± 90° = 111°; 291° 

n+3 [previous track vector angle] + [rotation angle 
increment] = 120° + 90° = 210° 

[track vector angle] 
± 90° = 120°; 300° 

would be outside the limitation window!, thus: 
[previous track vector angle] + [rotation angle 

increment] – [top increment limitation border] + 
[bottom increment limitation border] = 201° + 33° - 

225° + 135° = 144° 

[track vector angle] 
± 90° = 54°; 234° 

n+4 

would be outside the limitation window!, thus: 
[previous track vector angle] + [rotation angle 

increment] – [top increment limitation border] + 
[bottom increment limitation border] = 210° + 90° - 

260° + 100° = 140° 

[track vector angle] 
± 90° = 50°; 230° 

[previous track vector angle] + [rotation angle 
increment] = 144° + 33° = 177° 

[track vector angle] 
± 90° = 87°; 267° 

n+5 [previous track vector angle] + [rotation angle 
increment] = 140° + 90° = 230° 

[track vector angle] 
± 90° = 140°; 320° 

[previous track vector angle] + [rotation angle 
increment] = 177° + 33° = 210° 

[track vector angle] 
± 90° = 120°; 300° 

n+6 

would be outside the limitation window!, thus: 
[previous track vector angle] + [rotation angle 

increment] – [top increment limitation border] + 
[bottom increment limitation border] = 230° + 90° - 

260° +100° = 160° 

[track vector angle] 
± 90° = 70°; 250° 

would be outside the limitation window!, thus: 
[previous track vector angle] + [rotation angle 

increment] – [top increment limitation border] + 
[bottom increment limitation border] = 210° + 33° - 

225° + 135° = 153° 

[track vector angle] 
± 90° = 63°; 243° 

… to be continued; 
first repetition occurs after the 18th layer, from there on after ever 16 layers 

to be continued; 
first repetition occurs after the 32nd layer, from there on after every 30 layers 
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Figure 4-13: Scan strategy and influencing parameters: (i) Definition of the limitation 
window; (ii) parameters and layer wise generation, depicted is a 90° rotation angle increment; 
adapted from [1,29] 

 
Figure 4-14: Fabricated stainless steel samples; two identical build jobs with differing 
parameter sets 

Table 4-11: Summary of positioning details for all considered configurations and grouping of 
individual manufacturing jobs 

Configuration Azimuth angle* Θ ; αX [°] Parameter set 

(a) 0 
(1) 

(b) 90 

(c) 0 
(2) 

(d) 90 

*Slight deviations from 0° and 90° angles were introduced for the azimuth angle to improve the recoating 
process by ensuring that its blade does not abruptly hit an entire sample edge at once.  

(i) (ii) 
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4.2.2.2 Relative Density and Hardness 

The relative density and the surface hardness were determined in order to confirm the 

consistency in between the two build job and to ensure their comparability. The relative 

densities were determined via the Archimedes principle, i.e. weighing the samples in air and 

in water and determine their density, which then was compared to the theoretical density of 

the bulk base 1.4404. The surface hardness was measured with a Reicherter KF hardness 

tester (Reicherter Georg GmbH Co Kg, Esslingen, Germany) on the clamping areas of the 

tensile specimens. The measurements were undertaken in accordance to the DIN EN ISO 

6507-2 standard [33]. Since the preliminary investigations suggested that the fluctuations in 

the surface hardness are rather minimal in comparison to the anisotropic effects, the focus 

within this investigation were the tensile characteristics [20]. 

4.2.2.3 Tensile Testing 

The destructive tests were performed at room temperature on a tensile testing machine 

(Zwick/Roell, Ulm, Germany) with an inbuilt extensometer, which initial distance was set to 

a 50 mm gauge length. The maximum load for this machine is 100 kN and the testing 

procedure was carried out in accordance to the German standard DIN EN ISO 6892-1:2016 

[34] with a constant cross-head speed of 5 mm/min. The integrated variable extensometer has 

an uncertainty of 0.02%, and the load cell (type KTN-Z/D, GTM Testing and Metrology 

GmbH, Bickenbach, Germany), has an uncertainty of 0.2%. 

4.2.3 Results and Discussion 

4.2.3.1 Coherence of Build Jobs 

Prior to the tensile tests, the relative densities of the specimens were determined via the 

Archimedes principle. There was no noticeable deviation amongst the two batches and all 

samples had a consistent relative density greater than 99%. Moreover, the surface hardness, 

obtained on the machined samples, was consistent, ranging from 236 HV30 to 239 HV30 for 

the parameter set 1 and, respectively, 227 HV30 to 234 HV30 for the parameter set 2. 

4.2.3.2 Tensile Testing 

The samples exhibited arbitrary points of failure along their prismatic gauge length, 

indicating that there is no evidence present for locally induced weak spots which could 

systematically falsify the results. The samples exhibited remarkably stable results regarding 
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their yield and ultimate tensile strength, with fluctuations below 25 MPa across the 

configurations. The averaged results of the tensile test, as well as the according standard 

deviations, are presented in Table 4-12 and the individual stress-strain graphs are summarised 

in Figure 4-15. All configurations revealed a remarkable strength with their yield strength 

exceeding the minimum requirement of the ultimate tensile strength of the bulk base material. 

Given the consistency of the strength results across the samples fabricated with varying scan 

track orientations, it can be concluded that the following holds true for in-plane directional 

dependencies: The tensile strength is an isotropic characteristic, whilst the stiffness and 

elongation at failure are volatile to the scan strategy settings and can exhibit an anisotropic 

behaviour. On a side note, this differs from the polar angle dependency, which affects all 

tensile characteristics (see Chapter 3.1 and Chapter 4.1 [18,20]). 

Table 4-12 Averaged results for the tensile properties of 1.4404 

Configuration 
Young's modulus 

E [GPa] 
Yield strength 

Rp0.2 [MPa] 
Ultimate tensile 

strength Rm [MPa] 
Elongation at 
failure At  [%] 

Average STDEV Average STDEV Average STDEV Average STDEV 

(a) 167 16 522 7 636 6 36.8 1.1 

(b) 196 21 535 8 647 8 36.0 1.3 

(c) 151 26 517 7 634 7 33.2 0.3 

(d) 208 24 539 3 644 3 42.7 0.8 

bulk base 
1.4404 [35] 200 200 - 240 500 - 700 40 

 
Figure 4-15: Tensile stress-strain diagrams and magnification of the anisotropy in the linear 
elastic range 
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In regard to the evident dependencies based on the azimuth angle, the samples fabricated with 

the parameter set 1 showed a less emphasised directional dependency, with configuration (b) 

almost equalling the Young’s modulus of the bulk base material. The configuration (d) 

samples even exceeded this nominal Young’s modulus, but the parameter set 2 lowered the 

Young’s modulus perpendicular to it (configuration (c)). Given this, it can be concluded that 

the tendency is coherent; both parameter sets revealed a higher stiffness in y-direction. Based 

on the applied scan vector patterns it appeared that the excluded direction, i.e. scan track 

vectors placed parallel to the y-axis, led to an increased stiffness in this direction. 

Considering the results for the breaking elongation, the obtained results showed an isotropic 

behaviour for the parameter set 1. However, in the case of the parameter set 2 deviations 

greater than 20% were evident. Yet, there is no clear correlation of the occurred anisotropy 

regarding the stiffness and breaking elongation. For the parameter set 2 the stiffer and more 

ductile direction coincided, whereas for the parameter set 1 the difference in ductility is 

within the margin of error, whilst there is a distinct predominant direction for the Young’s 

modulus present. 

4.2.3.3 Restrictions of the Applied Stacking Schemata 

With a closer look at the applied calculation approach for the stacking schemata (Table 4-10) 

it can be said that the full limitation window cannot truly be utilized. After the initial start at 

the bottom increment border (Figure 4-13) this orientation is not passed through again. With 

the applied standard parameter sets a stable pattern with a distinct repetition rate sets in and 

renders the consideration of the excess in the calculation, which is aimed to achieve a 

continuously rotating pattern, partially counterproductive. In the constantly repeated patterns 

the effective limitation windows ranges for the parameter set 1 from 110° to 250° and for the 

parameter set 2 from 138° to 225°. Hence, the narrowing effect of the limitation window 

mainly influenced parameter set 1, via reducing the selected 160° to an effective window of 

just 140°. Considering the rotation increments between the parameter sets, the parameter set 1 

had a greater diversity amongst consecutive layers, whereas the parameter set 2 led to a 

higher overlap. The findings of this study pointed towards the same direction as the 

investigation of Thijs et al. [24], whereby a 90° rotation increment reduced the texture. 

Considering the finding of Sehrt [23], whereupon a 67° rotation increment between layers 

resulted in a constant in-plane Young’s modulus, it appeared that this can be related to a more 

arbitrary distribution of the scan tracks. In particular, changing the rotation angle increments 

for the applied parameter sets yields the following: The parameter set 1 with a 67° increment 
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results in a constant repetition after 160 layers; and the parameter set 2 returns a repetition 

after 90 layers respectively. 

4.2.4 Summary and Outlook 

In general, widening the limitation window and larger rotation angle increments, which lower 

the direct overlap of the stacked scan tracks, were found to favour isotropic characteristics. 

Vice versa, narrowing the admissible range allows introducing distinct predominant 

directions. With the tested parameter sets an alteration of the Young’s modulus between 151 

GPa and 208 GPa in solid, fully-dense samples was shown, with parameter set related 

deviations37 in their Young’s moduli of 15% and 27%. 

The underlying mechanism leading to this adjustable anisotropy is governed by the epitaxial 

grain growth of the material, i.e. secondary grain growth towards the heat source. 

Neighbouring scan tracks, which are fabricated afterwards lead, of course, to a secondary 

grain growth as well; however, as documented by Kunze et al. [21], the two distinct 

directions where a decreased Young’s modulus is to be expected are in build direction and 

parallel to the scan tracks. Given this, the occurrence and emphasis of the in-plane anisotropy 

is highly material dependent, as the epitaxy and the melt pool dimensions are material 

specific [20,36]. Further information on the material dependency, as well as detailed micro-

section evaluations can be found in Chapter 4.1 [20]. 

For future extensions of the investigations of the impact of the limitation window and the 

rotation angle increment the following aspects will be considered: 

• Full allowance of the full window (180°), with the limitation of using 

unidirectional scan tracks, and thus mitigating the interference of the irradiation 

and transported particles in the inert gas stream. 

• Utilization of prime numbers for the rotation increment to avoid repetitive 

patterns. 

• Maximisation of the induced anisotropy via short repetitions, e.g. every third 

layer, to elaborate the boundaries of deliberate in-plane anisotropy in additively 

manufactured fully-dense components 

  

                                                 
37 Calculated with the predominant y-direction as basis. 
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Numerical validation and estimation of expectable anisotropies in the Young’s modulus: 

The progress of the work at hand strives towards the deliberate implementation of an 

anisotropic material behaviour based on the process conduct. The estimation of the induced 

level of anisotropy prior to fabrication via numerical modelling is essential for this 

undertaking. As of now the challenge in the modelling is the lack of the material data for the 

single layers. The determined characteristics represent macroscopic measures for the entirety 

of the stacked layers, which are crucial for the modelling of whole components fabricated 

with a distinct parameter set [37]. An initial simulation as a proof of concept was undertaken 

in MSC Marc 2017.0.0 based on a linear-elastic simulation of a layered prismatic model, 

whereby one single element height represented a distinct layer and accordingly one layer of 

elements was representative for one fabricated layer [38,39]. For the necessary linear elastic 

material characteristics, the results of configurations (c) and (d) were utilised and completed 

with the available data of related studies [20,29]. The sole input data of the orthotropic 

material model is provided in Table 4-13 and the obtained elastic anisotropies for a few 

exemplary configurations are summarised in Table 4-14. 

Table 4-13: Input data for the orthotropic material model; see also [20,29] 

Direction 
Characteristic 

E11 ; ν12 E22 ; ν23 E33 ; ν13 

Young’s modulus [GPa] 151 208 138 

Poisson’s ratio [-] 0.3* 0.16 0.44 

* no data available, thus standard value for 1.4404 utilised 

Table 4-14: Preliminary results for the estimation of the in-plane anisotropy 

Rotation angle increment [°] Limitation window [°] Ratio Ex/Ey Experimental Ex/Ey 

33 90 0.817 0.73 

33 180 0.986 - 

67 180 0.975 - 

90 160 0.993 0.85 

90 180 0.999 - 

On a side note, utilising these macroscopic results as input for the description of the 

individual layer is not accurate, and will be refined once the data for a single layer becomes 

available. Obtaining this data through further experiments or via approximations based on a 

coupled model comprising the prediction model known from welding and the circumstances 

in a powder bed-based environment will be the next steps [40-44]. Nevertheless, even this 
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restricted preliminary model reveals how the stacking schemata of individual layers based on 

the selected scanning strategy impacts the in-plane anisotropy. 

4.2.5 Conclusion 

In this study, the forming on in-plane anisotropy in dependency to the process conduct was 

studied on stainless steel tensile specimens. It was shown that slight modifications in the 

parameter sets, in our case amongst recommended parameter sets provided by the machine 

manufacturer, can significantly alter the material behaviour, even when the most commonly 

checked quality criteria (i.e. relative density and surface hardness) are similar. For the in-

plane anisotropy it was found, that only the linear elastic properties and the breaking 

elongation were affected, whereas the tensile strength remained stable. Special consideration 

was given to the rotation angle increment of irradiation pathways of subsequent layers and 

the limitation window and it was showcased that these two parameters could be utilized to 

adjust the inherent anisotropy of additively manufactured components. 
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Chapter 5.  

Processing of Biocompatible Cobalt-Chromium, 

Mechanical Properties and Suitability for Dental 

Restorations 

This chapter is based on the undertaken investigations with the selective laser melted dental 

grade cobalt-based ternary alloys. The main focus was to investigate the material 

characteristics and to elaborate on the overall suitability for utilization in dental restorations. 

Different aspects were addressed in one published paper and one submitted manuscript, with 

the following investigated material characteristics: 

• surface hardness 

• tensile characteristics 

• microstructural characteristics in the as-built condition and after heat treatments 

and manufacture related impacts via investigations on the manufacturing parameters, namely: 

• laser power 

• scan speed 

It should be noted that varying equipment was utilized. The parameter studies were 

undertaken utilizing the identical machinery (an industrial type SLM machine at the 

collaboration partner (the University of Applied Sciences Aalen) as for AlSi10Mg and 1.4404 

stainless steel. For the suitability study for dental applications, samples were kindly provided 

by two suppliers, which offer SLM machines dedicated for dental laboratories. 
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Abstract 

Powder-bed based additive manufacturing techniques are of high interest for the medical 

sector and recent trial studies have shown their feasibility. Due to the rapid improvements 

made in the machinery and the related changes in the type and characteristics of the utilized 

power source, optimizations regarding the fabrication parameters tend to differ amongst 

various machines. In this study, a parameter optimization was undertaken for a biocompatible 

dental CoCrMo alloy on a SLM 280HL machine, featuring a 400 W fibre laser. It was shown 

that the availability of higher laser powers enables a more energy efficient fabrication. 

Moreover, parameter sets for fast and economic fabrication, as well as for high density and 

fine-grained microstructure, were defined. 

5.1.1 Introduction 

Additive manufacturing (AM) is a very promising fabrication technique to generate highly 

complex parts and is very compelling when only low quantities are required [1,2]. Given 

these, coupled with the usual restrictions faced in conventional fabrication methods, e.g. the 

required accessibility in milling or the limitations given by the mould in casting, AM 

techniques are, inevitably, a promising fabrication trait to be utilized in the medical sector, 

e.g. for implants and dental restorations [3,4]. 

Reprinted with permission from Trans Tech Publications Ltd - License No. 4396530036054
This is the accepted version of the following article: L. Hitzler, P. Williams, M. Merkel, W. Hall, A. Öchsner, Defect Diffus. Forum 2017, 
379, 157-165; which has been published in final form at [http://dx.doi.org/10.4028/www.scientific.net/DDF.379.157]. 
The manuscript has been reformatted to meet the criteria of a dissertation under the Griffith University guidelines. 
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One challenge which needs to be considered in designs for AM are the related material 

characteristics, which are volatile to the manufacturing conditions and can fluctuate in regard 

to both direction and location, commonly referred to as inhomogeneous and anisotropic 

material properties (see Chapter 3 and Chapter 4 [5-9]). These are caused by the numerous 

directional dependencies reasoned in the layer-wise generation process and the individual 

machine setup, like the scan strategy, the directional inert gas stream, or the present thermal 

environment [10-13]. Since the absorptivity, the solidification behaviour and the heat 

conductivity differ amongst various raw materials and also depend on the utilized energy 

source, parameter studies have to be undertaken to define the fabrication settings for a 

successful fabrication. This ensures proper single scan tracks, good bonding amongst 

neighbouring tracks and a good interconnection between successive layers, with very limited 

defects, such as pores and cracks [14-16]. The most common approach for this is to 

characterise the fabrication settings via the equivalent applied energy density of the core 

irradiation,  

𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑉𝐸𝐷 =  
𝑙𝑎𝑠𝑒𝑟 𝑝𝑜𝑤𝑒𝑟 × 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑡𝑖𝑚𝑒

𝑙𝑎𝑦𝑒𝑟 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 × ℎ𝑎𝑡𝑐ℎ 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 × 𝑝𝑜𝑖𝑛𝑡 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
 , 

with the  𝑠𝑐𝑎𝑛 𝑠𝑝𝑒𝑒𝑑 =  
𝑝𝑜𝑖𝑛𝑡 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑡𝑖𝑚𝑒
 [12].

However, this approach via the characterization with a single value has been legitimately 

questioned, since the comprised parameters were shown to individually influence the process 

in their own specific manner [17-19]. In regard to the fabrication of cobalt-chromium (CoCr) 

alloys, related studies reported promising results for a laser power in the range of 200 W to 

385 W, with the higher laser powers drastically improving the allowable fabrication speed 

and required energy density [20,21]. On a side note, since the energy absorption differs 

depending on the physical state (i.e. powder-state, liquid state and consolidated metal state) 

the effective energy input fluctuates [14]. In addition, it was shown that a hatch distance, i.e. 

the distance between two adjoined scan tracks, of 0.1 mm yields the best mechanical results 

[21].  

Within this work, a parameter study for the successful fabrication of a biocompatible 

CoCrMo alloy, utilized in dental restorations, was performed. The key focus was to obtain 

ideal parameter sets for a fast and economic fabrication, with reasonable quality, as well as 

for achieving the best microstructural characteristics, i.e. a fine-grained and crack-free 

microstructure. 
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5.1.2 Methodology 

5.1.2.1 Manufacturing Conditions 

A SLM 280HL machine (SLM Solutions GmbH, Lübeck, Germany), utilizing a 400 W Yb-

fibre-laser, was employed to perform the parameter study. The selected fabrication settings 

are summarized in Table 5-1 and an overview about the considered configurations for the 

parameter study, as well as the according energy densities, are provided in Table 5-2. The 

bio-compatible cobalt-chromium (CoCrMo) alloy, which is similar to the commonly used 

dental alloy MoguCera C®, was supplied by Praxair (Indianapolis, USA) and had a mean 

particle diameter of 40 μm [22]. Its detailed chemical composition is outlined in Table 5-3. 

The samples (5 x 5 x 10 mm3) were generated on a stainless steel substrate plate (Figure 5-1), 

which has been shown to work flawlessly with CoCr alloys [23]. 

Table 5-1: Manufacturing parameters and settings 

Parameter Setting 

Laser power varied between 250 W and  325 W 

Scan speed varied between 600 mm/s and 1200 mm/s 

Hatch distance 0.1 mm 

Layer thickness 50 μm 

Preheating temperature preheating temperature set to 200°C 

Inert gas atmosphere argon was utilized as the inert gas 

Table 5-2: Configurations and energy densities included in the parameter study 

    Laser power 
Scan speed 

250 W 275 W 300 W 325 W 

600 mm/s A1 
83.3 [J/mm3] 

A2 
91.7 [J/mm3] 

A3 
100.0 [J/mm3] 

A4 
108.3 [J/mm3] 

800 mm/s B1 
62.5 [J/mm3] 

B2 
68.8 [J/mm3] 

B3 
75.0 [J/mm3] 

B4 
81.3 [J/mm3] 

1000 mm/s C1 
50.0 [J/mm3] 

C2 
55.0 [J/mm3] 

C3 
60.0 [J/mm3] 

C4 
65.0 [J/mm3] 

1200 mm/s D1 
41.7 [J/mm3] 

D2 
45.8 [J/mm3] 

D3 
50.0 [J/mm3] 

D4 
54.2 [J/mm3] 
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Table 5-3: Chemical composition of the raw metal powder, all values in weight-percent 

Co Cr Mo Ni N C Fe Si O 

Bal. 28.13 5.77 0.13 0.11 0.09 0.05 0.03 0.02 

5.1.2.2 Microstructural Analysis 

Four grinding and mechanical polishing steps were performed to expose the metallurgical 

structure, starting with a grinding process using silicon-carbide (SiC) 220 sandpaper. In the 

polishing process 9 µm and 3 µm diamante suspension were used. The finishing was 

performed with a silicon monoxide (SiO) solution with a grain size of 0.5 µm. 

The visibility of the scan track pattern and the inherent grain structure was enhanced by a 

subsequent etching process. For the corrosion-resistant CoCr, a “Berahra 3“ acid was utilized, 

comprising: 60 ml purified water; 40 ml hydrochloric acid; 5 g ammonium hydrogen 

difluoride; and 1 g potassium bisulphite. 

High resolution images of the etched micro-sections were taken with an optical light 

microscope (Carl Zeiss Microscopy GmbH, Jena, Germany). The area-porosities were 

determined on the obtained mages, based on the respective area inhabited by the pores. 

Figure 5-1: As-fabricated samples on substrate plate 



Page 225 

5.1.2.3 Micro-Hardness 

The Vickers hardness measurements were undertaken with a Struers Durascan 70 G5 

hardness tester (Struers GmbH, Kernen im Remstal, Germany) in accordance to the DIN EN 

ISO 6507-2 standard HV2. 

5.1.3 Results and Discussion 

5.1.3.1 Microstructure and Porosity 

The various configurations yielded all reasonable results with proper connections between the 

individual scan tracks and layers, no delamination occurred (Figure 5-2). Major distinctions 

were the occurrence of voids, pores and cracks (Figure 5-3 and Figure 5-4). Large voids, 

reasoned in insufficient bonding between layers (related to the melt pool depth) occurred 

predominantly for high scan speeds and improved with higher laser power [24,25]. Adequate 

relative densities of (> 99% relative density [26]) were obtained in all cases for applied 

energy densities greater than 50 J/mm3. The insufficiency of relying solely on the energy 

density as representative measure can be highlighted at this exact point. Considering 

configurations C1 and D3, which both were fabricated with 50 J/mm3, the remaining 

porosities differ greatly (Figure 5-5). Increasing laser power enables the successful 

fabrication with using less energy per unit volume, e.g. a related study has shown that for a 

laser power of 200 W a total energy density of ~ 200 J/mm3 is required [21]. On a side note, 

the applied high quality criterion of > 99% relative density is applied in the aeronautics 

industry, and for many applications not necessary [26,27]. 
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Figure 5-2: Micro-section images of all configurations; 1 to 4 from left to right; A to D from 
top to bottom 
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A B 
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Figure 5-3: Higher resolution micro-section images of the configurations A and B; left-hand 
side column represents A1 to A4; right-hand column represents B1 to B4 



Page 228 

C D 

1 

2 

3 

4 

Figure 5-4: Higher resolution micro-section images of the configurations C and D; left-hand 
side column represents C1 to C4; right-hand column represents D1 to D4 
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Figure 5-5: Area-porosity dependency on scan speed and laser power 

Figure 5-6: Micro-hardness dependency on scan speed and laser power 
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5.1.3.2 Micro-Hardness 

The micro-hardness was found to be fairly stable, ranging from 350 HV2 to 390 HV2, 

generally favouring lower energy densities (and related rapid solidification) to reach peak 

hardness (Figure 5-6). As opposed to the relative density, the two configurations with the 

identical energy density (C1 and D3) yielded similar hardness. In applications where both is 

crucial, i.e. the surface hardness and the surface quality, the combination of low laser power 

and low scan speed should be chosen [20]. 

Further options to enhance the surface hardness in a postprocessing step were found to be 

cryogenic burnishing and shot peening [28,29]. 

5.1.4 Summary and Conclusion 

In view of the results it can be concluded that for a fast and energy efficient fabrication the 

configuration D4 represents the best choice. This parameter set fulfilled the quality 

requirement of less than 1% remaining porosity at maximum scan speed at the lowest energy 

density, whilst offering a micro-hardness of ~ 375 HV2.  

For the best quality the configuration C3 is recommended, which still offers decent energy 

efficiency coupled with a fine-grained structure and almost no evident cracks. 
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Abstract 

Cobalt-based alloys for investment casting remain popular in dentistry for the construction of 

fixed and removable denture frameworks due to their low-cost and superior physico-

mechanical properties compared to gold-based alloys. Currently, the limitations of investment 

casting are claimed to be less problematic with significant improvements in metal additive 

manufacturing by selective laser melting (SLM). Despite these advantages, the metallic 

devices are likely to display mechanical anisotropy in relation to build orientations, which 

could consequently affect their performance ‘in vivo’. In addition, there are inconclusive 

evidence concerning the requisite composition and post-processing steps (e.g. heat-treatment 
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to relieve stress) that must be completed prior to the devices being used. In the current paper, 

we evaluate the microstructure of ternary cobalt-chromium-molybdenum (Co-Cr-Mo) and 

cobalt-chromium-tungsten (Co-Cr-W) alloys built with Direct Metal Printing and 

LaserCUSING SLM systems respectively at 0°, 30°, 60° and 90° inclinations (Φ) in as-built 

(AB) and heat-treated (HT) forms. The study also evaluates the tensile properties (Young's 

modulus, E; yield strength, RP0.2; elongation at failure, At and ultimate tensile strength, Rm), 

relative density (RD), and micro-hardness (HV5) and macro-hardness (HV20) as relevant 

physico-mechanical properties of the alloys. Data obtained indicated improved tensile 

properties and HV values after short and cost-effective heat-treatment cycle for the Co-Cr-

Mo alloy; however, it did not homogenize the microstructure of the alloy. Annealing heat-

treatment of Co-Cr-W led to significant isotropic characteristics with increased E and At 

(except for Φ = 90º) in contrast to decreased RP0.2, Rm, HV values, compared to the AB form. 

Similarly, the interlaced weld-bead structures in AB Co-Cr-W were removed during heat-

treatment, which led to a complete recrystallization in the microstructure. Both Co-Cr-Mo 

and Co-Cr-W alloys exhibited, practically, defect-free microstructures with relative densities 

(RD) exceeding 99.5%. Additionally, the alloys performed favourably as per standards 

requirements for Type 5 dental alloys.  

Significance of study 

In this study, we assessed relevant clinical properties of commercially available ternary Co-

Cr-Mo (ST2724G) and Co-Cr-W (Remanium CL) alloys. Under the condition of this study, 

data confirms heat-treatment and build orientations as relevant parameters in metal 3D 

printing for dental devices. Additionally, the study confirms the ability of the various SLM 

systems to produce consistent parts under controlled manufacturing parameters. 

5.2.1 Introduction 

The high strength and stainless nature of ternary cobalt-chromium-molybdenum (Co-Cr-Mo) 

and cobalt-chromium-tungsten (Co-Cr-W) alloys, first patented in 1907 by Elwood Haynes, 

led to the development of compositional variants of cobalt-based alloys for clinical 

applications such as artificial knee and hip joints, and denture frameworks for fixed and 

removable prostheses. In dentistry, the first use of a cobalt-based alloy for investment casting 

is reported to have started in 1936 [1]. This was a decade before William Taggart invented a 

practical method for casting gold inlays [2]. Although casting or ‘lost-wax’ technique is still 
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popular in dental technology, the steps involved are time-consuming and fraught with 

processing variables. As such, the advent of selective laser melting (SLM) could indeed be 

considered a watershed as it is claimed to offer significant benefits in terms of manufacturing 

speed. Since the devices are digitally built, they are likely to produce predictable clinical 

outcomes and be much closer to manufacturers’ specification [3-5]. SLM is a metal additive 

manufacturing (AM) process that employs high-energy laser beams to melt powders together, 

in a layer-by-layer fashion, into three-dimensional (3D) objects.  However, it is a complex 

thermo-physical process, which is dependent on many parameters including alloying 

constituents, machines and the parameters of the controlled environment [5]. One of the 

potential limitations of the process is that, the devices are likely to display mechanical 

anisotropy in relation to build orientations and this could affect their performance ‘in vivo’ 

[6-9]. While a few studies [10-12] have attempted to investigate this limitation, there are 

inconclusive evidence concerning requisite composition and post-processing steps (e.g. heat-

treatment to relieve residual stress) [13] that must be completed prior to the devices being 

used. In the current paper, we evaluate the microstructure of commercially available ternary 

Co-Cr-Mo (ST2724G) and Co-Cr-W (Remanium CL) alloys built with Direct Metal Printing 

and LaserCUSING SLM systems respectively at 0°, 30°, 60°and 90° inclinations to the 

layering (polar angle Φ) in ‘as-built’ (AB) and ‘heat-treated’ (HT) forms. The study also 

evaluates the tensile properties (Young's modulus, E; yield strength, RP0.2; elongation at 

failure, At and ultimate tensile strength, Rm), relative density (RD), and micro-hardness 

(HV5) and macro-hardness (HV20) as relevant physico-mechanical properties of the alloys. 

5.2.2 Material and Methods 

5.2.2.1 Specimen Preparation 

AB and HT Co-Cr-Mo samples (Co Bal Cr 29 Mo 5.5 Si<1 Mn<1 Fe<1 wt.% ) [14]  were 

built with Type 5 ST2724G alloy (SINT-TECH Parc Européen d’Entreprises, Rue Richard 

Wagner 63200 Riom, France) whereas Co-Cr-W counterparts (Co 60.5 Cr 28 W 9 Si 1.5 

Mn<1 Fe<1 Nb<1N<1 wt.%) [15] were built with Remanium star CL alloy (Dentaurum 

GmbH & Co. KG, Turnstraße 31, 75228 Ispringen, Germany) at 0°, 30°, 60° and 90° 

inclinations. For Co-Cr-Mo specimens, a dumbbell-shaped CAD model (SolidWorks, 

Dassault Systèmes SolidWorks Corp., 300 Baker Avenue, Concord, MA 01742) designed in 

accordance with ISO 22674 requirements [16] was sent to 3D Systems (Rue Richard Wagner, 

63200 Riom, France) and samples were built at layer thickness of 30 µm in an inert 
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environment using ProX 200 DMP printer [17]. Heat treatment was completed in an airy 

furnace at 800°C for 20 minutes by the manufacturer prior to the removal of the support 

structures (Mark Barnes Engineering, 35 Olympic Circuit, Southport QLD 4215, Australia). 

Unlike the directly built Co-Cr-Mo specimens, Co-Cr-W specimens were made from 7 mm x 

55 mm cylindrical bars built in an inert environment using a Mlab printer (Concept Laser 

GmbH, An der Zeil 8, 96215 Lichtenfels, Germany). Heat-treatment was completed by the 

supplier in a furnace under argon atmosphere at a rate of 400°C/hour to 1150°C followed by 

a 1 h dwell time before cooling down to 300°C [18]. The cylindrical samples were turned on 

a CNC milling machine (Griffith Technical Solutions, Nathan Campus, Griffith University, 

170 Kessels Road QLD 4111, Australia) using cooling emulsion to minimize possible 

alterations to their microstructure. Figure 5-7 shows the schematic of sample orientations. 

 
Figure 5-7: Schematic of sample orientations. 

5.2.2.2 Microstructural Analysis 

The microstructure analysis involved optical examination of randomly selected test 

specimens for grain size, porosity and voids, phase analysis, dendritic growth, cracks and 

other defects. Four grinding and mechanical polishing steps were performed to expose the 

metallurgical structure. The steps comprised grinding with silicon carbide (SiC) 220 

sandpaper, polishing process with 9 µm, 3 µm diamond suspension and surface finishing with 

a silicon monoxide (SiO) solution with a grain size of 0.5 µm. The visibility of the scan track 

pattern and the inherent grain structure was enhanced by a subsequent etching process. Two 

etching procedures were employed; these were etching with ‘Berahra 3’ acid (comprising 60 

ml H20, 40 ml hydrochloric acid, 5 g ammonium hydrogen difluoride, and 1 g potassium 

bisulphite) and electrochemical etching at 3 V for 10 seconds in a 3% hydrochloric acid 
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solution. High-resolution images of the etched micro-sections were taken with an optical light 

microscope (Axio Imager z2m, Carl Zeiss Microscopy GmbH, Jena, Germany). In 

determining the RD, area-porosities were calculated on the micrographs with the Zeiss 

AxioVison software package (Carl Zeiss Microscopy GmbH, Jena, Germany). 

5.2.2.3 Tensile Test 

Tensile testing to assess Young's modulus (E), 0.2% yield strength (RP0.2), elongation at 

failure (At) and ultimate tensile strength (Rm) was performed as per ISO 22674:2016 test 

guidelines [19] on test specimens (n = 3) from each cohort by subjecting them to uniaxial 

tensile loading until failure. Specimens were tested to yield at maximum load of 10 kN and 

1.5 mm/min cross-head speed using an Instron 5584 tensile testing machine with an inbuilt 

video extensometer type 2663-821 (Instron Corp., Norwood, MA, USA). Applied 

nomenclature for the tensile properties are in accordance with DIN EN ISO 6892-1:2009 

[20]. 

5.2.2.4 Hardness Test 

Vickers hardness (HV) tests were perfomed with a Struers Durascan 70 G5 hardness tester 

(Struers GmbH, Kernen im Remstal, Germany) in accordance with DIN EN ISO 6507-2:2016 

test guidelines [21] to measure the micro-hardness (HV5) and macro-hardness (HV20) of the 

alloys. 

5.2.3 Results 

For microstructure analysis, only images from cross-sectional micrographs are presented in 

the paper due to the configurational similarities and corresponding redundancy of 

longitudinal micrographs (Figure 5-8). For instance, the cross-sectional cut of an 0° 

orientated sample matches the longitudinal cut of a 90° specimen; likewise, the cross-

sectional cut of a 30° inclined sample matches the longitudinal cut of a 60° sample. Figure 

5-9 shows the area-porosities, measured on the micro-sections. The relative density (RD) is 

99.93% for Co-Cr-Mo and 99.86% for Co-Cr-W respectively. On the 90° inclined Co-Cr-W 

sample was a small delamination evident, which resulted in the spike in area-porosity. In 

Figure 5-10 and Figure 5-11 the microstructures of Co-Cr-Mo and Co-Cr-W specimens are 

depicted for each inclination and both conditions, i.e. as-fabricated and heat-treated, whereby 

the left columns refer to the as-built condition and the right columns to the heat-treated 

condition. The evaluated tensile properties are summarized in Table 5-4. Figure 5-12 
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compares the Young’s modulus (E) data and summarizes its evolution after heat treatment 

and its dependency on the inclination angle. Figure 5-13 presents the graphical summaries the 

yield strength (RP0.2), elongation at failure (At) and ultimate tensile strength (Rm). In addition, 

the corresponding minimum requirements stated in the ISO 22674:2016 standard [19] are 

included in the graphical summaries as well. Lastly, micro [HV5] and macro [HV20] 

hardness results are summarized in Figure 5-14. 

 
Figure 5-8: Configurational similarities in longitudinal and cross-sectional test samples.  

  
Figure 5-9: RD based on area porosity of the alloys 
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Figure 5-10: Microstructure (50 µm) of AB and HT Co-Cr-Mo specimens  
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Φ AB Co-Cr-W HT Co-Cr-W 
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Figure 5-11: Microstructure (50 µm) of AB and HT Co-Cr-W specimens 
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Table 5-4: Tensile properties of Co-Cr-Mo and Co-Cr-W 

Alloy, 
condition 

and 
inclination 

(Φ) 

Young’s modulus 
E [GPa] 

Yield strength 
RP0.2 [MPa] 

Elongation at 
failure At [%] 

Ultimate tensile 
strength Rm [MPa] 

Mean STDEV Mean STDEV Mean STDEV Mean STDEV 

Co-Cr-Mo 
0°_AB 98.38 17.01 702 15.4 5.7 1.04 923 32.4 

Co-Cr-Mo 
0°_HT 156.48 19.50 819 29.1 13.3 2.32 1097 21.6 

Co-Cr-Mo 
30°_AB 105.32 19.39 783 23.7 6.7 1.94 1102 45.2 

Co-Cr-Mo 
30°_HT 149.73 6.29 1002 41.1 8.3 0.81 1262 14.1 

Co-Cr-Mo 
60°_AB 112.11 58.51 696 34.3 7.5 2.10 1012 24.0 

Co-Cr-Mo 
60°_HT 105.67 13.18 808 37.8 9.4 1.32 1054 20.9 

Co-Cr-Mo 
90°_AB 100.21 6.95 674 9.0 14.8 1.62 1033 12.4 

Co-Cr-Mo 
90°_HT 164.54 15.10 757 7.2 16.7 1.51 1052 6.3 

Co-Cr-W 
0°_AB 183.44 15.58 917 9.9 11.1 1.14 1263 8.6 

Co-Cr-W 
0°_HT 216.32 21.99 655 26.6 15.0 1.54 1111 8.9 

Co-Cr-W 
30°_AB 147.50 20.57 965 5.9 10.4 1.31 1272 10.3 

Co-Cr-W 
30°_HT 186.96 7.90 651 4.9 15.5 1.04 1127 12.3 

Co-Cr-W 
60°_AB 167.17 26.23 845 11.1 17.1 1.35 1247 6.1 

Co-Cr-W 
60°_HT 214.51 29.25 669 20.0 18.0 2.90 1162 13.4 

Co-Cr-W 
90°_AB 138.55 6.93 755 8.7 24.3 0.70 1188 6.3 

Co-Cr-W 
90°_HT 202.35 22.08 658 7.1 16.9 1.51 1108 10.9 
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Figure 5-12: Mean value of E for Co-Cr-Mo and Co-Cr-W alloys 

 
Figure 5-13: Mean values of RP0.2, At and Rm for Co-Cr-Mo (A) and Co-Cr-W (B) alloys 

 
Figure 5-14: Mean values of HV5 and HV20 for Co-Cr-Mo (A) and Co-Cr-W (B) alloys. 

(A) (B) 

(A) (B) 
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5.2.4 Discussion 

While in the mouth, dental devices are subjected to stress from masticatory actions hence 

alloys should show high recovery capacity, resilience, high specific stiffness (E / RD) and 

elongation, if they are to withstand biting forces without fracture [22]. Figure 5-15 shows an 

illustration of a denture framework. Some of its functional parts, especially the clasps, are 

prone to failure. Thus, the knowledge of the precise material characteristics on these locations 

is of utmost importance and explains the importance of considering multiple alignments of 

tensile samples to capture orientation dependent fluctuations. 

 
Figure 5-15: Schematic of a denture framework with its functional parts, exemplification of 
the relevance of the investigation on various alignments of tensile specimens 

The standards for assessing the mechanical properties of dental alloys [19] place emphasis on 

E, At and RP0.2 of the alloys. In a clinical context, RP0.2 is relevant for predicting failure in 

multiple unit dental bridges. The At determines how the alloys can sustain a large permanent 

deformation before they fracture. It is worth noting that At could serve as a quality control 

measure that verifies the level of impurities and proper processing of the devices. While E 

measures the alloy’s ability to resist flexure, especially in metal-ceramic restorations where 

any flexure will cause fracture of the porcelain [23]. Literature accompanying alloys provide 

information on their hardness; while a low value cannot resist occlusal forces, an extremely 

high could make the alloy difficult to grind and polish, and even wear the opposing teeth 

[22]. Table 5-5 summarizes the tensile properties as a range, i.e. respective minima and 

maxima for alloys examined in comparison to data form alloy manufacturers and standard 

requirements for dental alloys. 
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Table 5-5: Tensile properties of alloys in comparison to standards requirements 

Condition, alloy, 
 inclination range 

Young’s modulus 
E [GPa] 

Yield strength 
RP0.2 [MPa] 

Elongation at 
failure 
At [%] 

Ultimate tensile 
strength 

Rm [MPa] 
Additional information 

AB Co-Cr-Mo range at 0º, 30º, 
60º and 90º in current study 98.38 - 112.11 674 -  783 5.7 - 14.8 923 – 1102 Standard deviation from the mean is shown 

in Table 5-4. 
Recommended HT for dental parts is 800°C 

for 20-25 min. 
HT Co-Cr-Mo range at 0º, 30º, 

60º and 90º in current study 105.67 - 164.54 757c -1002 8.3 - 16.7 1012 – 1262 

AB Co-Cr-Mo data from 
manufacturer as per ASTM E8 

[24] 
** 850±100 10±2 1200±100 ** Not provided 

Density is approximately 100% in AB & 
HT forms, microhardness after HT 500±20 

HV5 
 

HT Co-Cr-Mo data from 
manufacturer as per ASTM E8 

[24] 
** 900±100 15±2 1260±100 

AB Co-Cr-W range at 0º, 30º, 
60º and 90º in current study 138.55 -183.44 755 - 965 10.4 - 24.3 1188 - 1263 Standard deviation from the mean is shown 

in Table 5-4. 
Recommended HT for dental parts is 

slow heating (400°C/h) up to 1150°C, 
followed by a dwell time of 1 h, then 

furnace cooling to 300°C 

HT Co-Cr-W range at 0º, 30º, 
60º and 90º in current study 186.96 - 216.32 651 – 669 15 -18 1108-1162 

HT Co-Cr-W data range (0º, 
45º and 90º) from manufacturer 

[15] 
230 792 - 835 8 - 11 1136 - 1200 Density at all orientations is 8.6 g/cm3 

ISO 22674 [16] 150 500 2 ** ** Not provided 
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5.2.4.1 Microstructural Analysis 

SLM-produced Co-Cr alloys are reported to display superior homogeneity compared to cast 

Co-Cr alloys, which are inherently associated with large initial grain size, non-homogeneities 

and other casting defects [5]. By analysing the microstructure of the alloys, the long-term 

clinical (physico-mechanical, corrosion and biological) performance can be predicted. 

Generally, cross-sectional microstructural analysis is suitable for revealing the variations in 

structure from the center to the surface; distribution of non-metallic impurities across the 

section; decarburization at the surface of a ferrous material; depth of surface imperfections; 

depth of corrosion; thickness of protective coatings and structure of protective coating. 

Longitudinal analysis on the other hand reveals inclusion content of steel; degree of plastic 

deformation, as shown by grain distortion; presence or absence of banding in the structure; 

the quality attained with any heat treatment [25]. 

• Relative Density 

The evaluated area-porosities on the micrographs revealed average porosities below 0.2% 

(Figure 5-9) and individual porosities below 0.5% in all cases. Since the applied HTs in this 

study did not comprise a hot isostatic pressing (HIP), which could enhance further the RD, it 

can be concluded that the heat-treatment process did not alter the RD of the specimens [26]. 

It is worth stating that, the observed density does not negate a possible inhomogeneity at 

increasing build height [8]. Given that the high quality criterion applied in the aeronautics 

industry is RD greater than 99%, these values could be considered to be exceptional for the 

manufacturing process [27]. For many applications such a high RD is not required and a 

correlated reduction in mechanical strength is traded for a higher fabrication speed and a 

more economic fabrication [28-30]. However, for dental metallic devices, the RD is also 

relevant to accomplish a tissue-friendly, void-free, satin finish which is achieved via 

electrolytic polishing to prevent fitting and cleaning problems on the fitting surface of 

denture frameworks. Given that in SLM the residual porosity tends to be predominant in the 

subsurface, precisely in the transition area between the contour and core irradiation, lower 

RD could potentially lead to laid open pores after polishing [9,31,32]. 
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• As-Built Condition 

In the AB condition the stacking scheme of the individual weld beads, as well as the applied 

irradiation strategy governs the micrographs. Noteworthy is the absence of needle-like 

appearing fine structured platelets, which are formed at thermodynamic equilibrium 

conditions at 417°C alongside the allotropic transformation from face centered cubic (fcc; 

Co) to hexagonal close packed (hcp; Co) crystal structure. Their growth starts at the fcc 

grain boundaries under specific angles [33]. However, fcc to hcp transformation is relatively 

slow and hence, does not allow the thermodynamic equilibrium to be reached at the rapid 

cooling rates in SLM. For this reason, a mixed microstructure of metastable Co und Co 

(and intermetallic precipitations and/or carbides) can be found even at temperatures below 

417°C. Compared to investment casting where cooling rates are very slow within the pool of 

molten ingots, larger grains are formed around tiny nuclei that grow until the grain 

boundaries meet in the solid state. Because of this, dendritic structures may be very large in 

cast Co-Cr alloys, and the size of a single grain can approach the diameter of a removable 

partial denture framework clasp [4]. It should be noted that during the additive forming the 

material undergoes several heating cycles. After the main fabrication step, i.e. the raw metal 

powder being completely molten and rapidly solidified, the solidified volume passes a 

continuous time-temperature-transformation (TTT) as shown in Figure 5-16 (adapted from 

[34]). During cooling the observed volume undergoes several post-heating by additive 

forming of further layers on top of the observed volume [9]. 

Co and Cr form a solid solution for up to 30 % Cr content, which is the limit of solubility of 

Cr in Co [2]. Cr improves oxidation and corrosion resistance of the alloy while Mo is used for 

grain refinements and may be replaced by tungsten (W) as in the case of alloys examined in 

this study [35]. These ternary alloys differ slightly from the binary Co-Cr regarding their 

transformation temperatures. The respective tertiary phase diagrams are depicted in Figure 

5-17 (adapted from [36]) and Figure 5-18 (adapted from [37]). The melt (S) to -

transformation temperature is split (S  S +   ) and lowered, whereas the /-

transformation temperature is also split (  +   ) but raised. Inclusion of iron (Fe), 

manganese (Mn), nickel (Ni) and C tend to stabilize the fcc structure while Cr, Mo, W and 

silicon (Si) tend to stabilize the hcp structure [1].  
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Figure 5-16: Continuous TTT-diagram schematically, adapted from [34] 

 
Figure 5-17: Binary phase diagrams of Co-Cr, Co-Mo, Mo-Cr and isothermal Co-Cr-Mo-cut 
at 1220°C, adopted from [36] 

Time (log)

Te
m

pe
ra

tu
re

Metastable -Co

Stable -Co

% -Co
0       50     100

-Co
+

-Co

Post-heating by additive forming
further layers on top of the observed volume

According
Gupta, K.P.
The Co-Cr-Mo (Cobalt-Chromium-Molybdenum) System
Journal of Phase Equilibria and Diffusion 26 (2005) 87



s



Co3Cr
Co2Cr
Co3Cr2

S1700

Co  10  20  30  40  50  60  70  80  90 Cr

1500

1300

1100

900

700

500

300

a

T  C]

T = 1220  C

Co   10     20     30     40     50     60     70     80     90    Cr



s

m

a

D

w-% Cr



 Page 248 

 
Figure 5-18: Binary phase diagrams of Co-Cr, Co-W, W-Cr and isothermal Co-Cr-W-cut at 
1220°C, adopted from [37] 

• Heat Treated Condition 

Heat treatments and modification of elemental composition could change the microstructure 

and consequently alter the physical-mechanical-chemical properties of Co-based alloys. In 

SLM, heat treatment is required to remove accumulated thermal stresses in long-span devices 

[13]. It is worth clarifying that the cycles for both alloys differ significantly. Co-Cr-W was 

HT at 800°C, which induced slow-progressing recrystallization whereas at 1150°C for Co-

Cr-W, a soft annealing with directional recrystallization occurred. The latter led to a complete 

restructuration of the microstructure, whereby the stacking scheme of single weld beads was 

no more visible. At 1150°C Cr and Mo are solved in -Co (Figure 5-17) and a chemically 

homogenous situation is given. This step was followed by a very slow cooling (furnace 

cooling), which ensured thermodynamic equilibrium conditions, but generated the second 

phase in a relatively rough distribution. Latter may be the reason for the observed reduced 

strength and hardness, while the complete transformation from -Co to -Co significantly 

raised E. Generally, the Co-Cr-W material displayed almost isotropic properties with only 

minor fluctuations after HT. Savage [35] explained that the preferred temperature range for 

the isothermal transformation (notably by lamellar constituent) of the ternary Co-based alloys 
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is about 1040°C to 1100°C and the length of the isothermal treatment is a function of 

composition of alloy and temperature of transformation, but in most instances one hour at 

temperature is sufficient. The isothermal HT at 800°C for 20 minutes resulted in significantly 

improved E and slightly increased RP0.2 At, Rm and HV. An assumption of the origin of the 

higher and unsystematically varied Rm was given in a study of Co-Cr-Mo by Turrubiates-

Estrada et al [38]. It was indicated that a HT at 800°C for 20 minutes promotes the formation 

of Co and intermetallic precipitations and/or carbides (Figure 5-19). This formation of the 

second phases in a sufficient fine distribution (high undercooling) could be the origin of the 

observed raising of the mechanical values. 

 
Figure 5-19: Isothermal TTT-diagram of CoCr27Mo5C0.23, adopted from [34] 

5.2.4.2 Tensile Properties 

All test specimens yielded at the ultimate stress without localized necking. Specimen fracture 

occurred along the gauge length, indicating the homogeneous nature of the alloys. The 

overall polar angle dependence of the mechanical properties was low, except for At, which 

showed large fluctuations in the AB condition for both alloys, and for Co-Cr-Mo in the HT 

condition. These findings corroborates the assertion that ductility represents the most volatile 

tensile characteristic [9]. Inherent anisotropy is known to be highly material dependent on the 

material. For the alloys studied, their polar angle dependency of At at Φ = 90° is contrary to 

that of Al-based or Fe-based materials [7,8]. Our findings however corroborates  those by  

Takaichi  et al. [10] for Co-Cr-Mo alloys.  

Although there is no existing manufacturer data on build orientations for Co-Cr- Mo alloy 

used in our study, our data show that Co-Cr-Mo in AB form required HT to attain the 

minimum E value as per standards requirements (except for Φ = 60º). Despite the improved 
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tensile properties and HV values, the short and cost-effective heat treatment cycle did not 

completely homogenize the properties of alloy. Both alloys showed increased E after heat-

treatment, which is related to the increased ratio of Co. Differences in E values for the two 

alloys are probably due to varying ratios of Co to Co in the respective structure. In the 

AB condition the ratio is dependent on the irradiation settings, the present thermal envelope 

and the effectiveness of the heat dissipation from the solidified material via the support 

structure to the thermal regulation system in the base plate [9]. In the HT condition the 

differences are related to the partial recrystallization that occurred at 800°C in comparison to 

the full recrystallization at 1150°C followed by furnace cooling, allowing the full 

transformation whilst reaching thermodynamic equilibrium conditions. Apart from the HV 

values, E, RP0.2, At and Rm are higher in Co-Cr-W than in Co-Cr-Mo. This simultaneous 

increase in their respective AB conditions could be an indication that the C-formed curves of 

the TTT-diagram (Figure 5-19) are moved to lower times for the Co-Cr-W alloy. Applying 

the annealing HT, E and At (except for Φ = 90º) increased, whilst RP0.2, Rm and HV of Co-Cr-

W decreased. 

Concerning the standards requirements for Type 5 dental alloys, both alloys can be 

considered suitable for clinical use in their HT condition. Although AB Co-Cr-W also fulfills 

these requirements, heat-treatment is highly recommended not only to minimize possible 

distortions from residual stress, but the process also enhances the ductility and stiffness of the 

material. To guarantee the integrity of the built parts it is recommended that heat-treatment be 

performed on built parts whilst they are firmly attached to the support structure on the 

substrate plate. E and Rm values provided by Co-Cr-W manufacturer is somewhat comparable 

to ours. At values at 0º and 90º in this study are higher than those of the manufacturer whereas 

our RP0.2 values lower. The higher and arbitrary UTS values for Co-Cr-Mo alloy may be due 

to the increased surface roughness of the specimens, or the possible sub-surface porosity 

acting as crack initiation [8]. However, these prospective ‘inhibitors’ were absent in the 

machined Co-Cr-W specimens with documented studies suggesting the machining process 

result in improved mechanical properties by enhancing Rm by 5-10% and E up to 10% [39-

41].  
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5.2.4.3 Hardness 

In our study, we observed minor deviations between micro-hardness (HV5) and macro-

hardness (HV20). However, data from the micro-hardness tests might be prone to fluctuations 

due to limited indentation depth (20 μm at 380 HV5), which is lower than a single layer (~30 

μm) and thus, may not be a conclusive measure (Figure 5-20). For comparison, the 

indentation depth for 380 HV20 is approximately 40 μm. The hardness tests did not reveal 

any significant fluctuations regarding the sample orientation. In addition, both alloys 

exhibited similar HVs in their AB conditions, despite the differences in their RP0.2, and Rm 

values. In their respective HT conditions, HV values differ (~ 435 HV for Co-Cr-Mo and ~ 

360 HV for Co-Cr-W), but with comparable Rm values. The disparity between HV values and 

tensile properties, may be because hardness testing produces compressive stresses whereas 

tensile test produces failure at uniaxial forces. The result would be a higher quantity of Co 

in the microstructure. It is documented that the mechanical properties of SLM-produced 

alloys do differ in regard to tensile versus compressive loading [42]. 

 
Figure 5-20: Indentation depth versus layer thickness 

5.2.5 Conclusion 

In this study, we assessed relevant clinical properties of commercially available ternary Co-

Cr-Mo (ST2724G) and Co-Cr-W (Remanium CL) alloys. Under the condition of this study, 

data confirms heat-treatment and build orientations as relevant parameters in metal 3D 

printing for dental devices. In the non-heat-treated state or after a short and cost-effective 

heat-treatment the microstructural characteristics were governed by the interlaced stacking 

schemata of the fabrication process, with the anisotropy primarily affecting the elongation at 

failure. Moreover, the annealing heat-treatment was found to result in almost isotropic 
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material characteristics with negligible fluctuations. Additionally, the study confirms the 

ability to the various SLM systems to produce consistent parts under controlled 

manufacturing parameters. However, this study was limited to commercially available ternary 

Co-based alloys and the investigated heat treatments were limited to the recommendations 

provided by each vendor for their individual product. In order to fully understand the effects 

and to validate made assumptions, more studies need to be undertaken and the 

microstructure, especially the phase contents and their alteration via the applied heat 

treatments, have to be investigated further. 
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Chapter 6.  

Summary 

Various aspects of the inherent peculiarities of the selective laser melting process were 

covered in separate manuscripts and published papers, and were addressed in a detailed and 

focussed manner. In this chapter, the main findings and results of these are summarized and 

discussed as a whole. 

 
The surface roughness and morphology is highly susceptible to numerous influences in the 

selective laser melting process. Foremost, there is not a single surface quality measure 

describing the appearance and quality of a component. The surface morphology changes 

upon the inclination of the surface in regard to the build plane (i.e. depending on the polar 

angle Φ), with the major categories being: 

• visible scan pattern in the shape of individual weld beads 

• adjoined, partially molten powder particles 

• drainage effects of the melt pool penetrating into the powder bed 

• staircase effect based on the discretization of the continuous geometry into a layered 

model 

Additional impacts are the spray pattern of weld splashes which are not removed via the inert 

gas stream, leading to a position dependent surface roughness. 

Main influencing factors impacting the surface roughness and appearance within these 

categories: 

• Layer thickness LT: Defines the resolution for the geometrical representation of a 

continuous geometry as a sliced model 

• Polar angle Φ: The inclination angle defines the present surface morphology and the 

emphasis of the correlating influence factors, e.g. the stair case effect. 

• Powder particle size and distribution: The powder particle size and the LT are 

dependent measures, both impact the possible resolution. Additionally, the powder 
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particle size determines the graininess of the surfaces with adjacent, partially molten, 

particles. 

• Laser power LP: Impacts the emphasis of drainage effects, the extent of the heat 

affected zone, and the amount of adjacent powder particles. Furthermore, it impacts 

the morphology of the weld beads and correlates with the amount of weld splashes 

produced. 

• Scan Speed SS: Regulates the melt pool size and shape and thus, is coupled with the 

LT and impacts the surface quality in a similar manner. 

• Hatch distance HD: Defines the distance between single weld beads and thus, impacts 

the waviness of parallel to the build plane orientated surfaces. In addition, it defines 

the overlap between weld beads and likewise the ratio between new molten and 

remolten material, which impacts the absorption and likewise the size of the melt 

pool. 

A detailed comparison of the predominant mechanisms based on the inclination can be found 

in Chapter 1, Table 1-30, which contains the findings from Chapter 2. A detailed 2D map 

representing the localised weld splash traces can be found in Chapter 2.2, Figure 2-21. In 

summary, the best surface qualities were obtained for surfaces parallel to the build plane, and 

preferably located towards the back right-hand side of the machine. Latter, of course, is 

highly machine dependent, as a change in the inert gas flow (e.g. due to a differing 

arrangement of inlet and outlet) alters the traces. Surfaces with, or close to, a perpendicular 

alignment to the build plane were the second best option. 

In the scope of utilization in dentistry, the surface roughness of as-built SLM parts is of 

insufficient quality and requires a post-surface finish, analogue to investment casting. The 

choices in available surface finishing options, which maintain the geometric flexibility, are 

limited. The standard procedure for dental restorations, to date, is manual polishing [1]. 

Proof of concept studies on laser polishing on selective laser melted AlSi10Mg samples were 

conducted at the collaboration partner, the University of Applied Sciences Aalen, Germany 

[2,3]. It has been shown that the surface roughness of perpendicular aligned surfaces (i.e. 

surfaces where the morphology and roughness is governed by adjacent powder particles) can 

be reduced by up to 98%. Post-laser polishing represents a great option to automatize the 

surface finishing process, while offering similar geometrical freedom, whilst being fully 

automatable. 
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The range of investigated testing procedures for linear elastic material properties comprised 

of destructive and non-destructive methods. Based on the data accurate results and 

anisotropic characteristics can only be determined via destructive procedures. The tested non-

destructive procedure to estimate the Young’s modulus based on sonic longitudinal and 

transversal velocities yielded a constant value with negligible directional fluctuations, 

whereas destructive compression and tensile testing revealed substantial anisotropy. In 

addition, the Young’s modulus of selective laser melted material was found to differ in regard 

to the loading type, i.e. tension or compression, with the latter yielding approximately 10 GPa 

higher results for AlSi10Mg. 

 
Figure 6-1: Results for Young's modulus of selective laser melted AlSi10Mg determined via 
destructive and non-destructive procedures; comparison to conventional die-cast [4] 

 
Anisotropy occurs in every metal with a crystalline structure, as the individual grains 

themselves are anisotropic [5]. With the arbitrary alignment of grains, the properties of the 

metal components appear isotropic on the macro-scale. Whether such an arbitrary distribution 

of grain orientations takes place or not, is governed by the particular fabrication process. In 

SLM, there are predominant grain growth directions in the melt pool, leading to a particular 

grain pattern in each single weld bead [6,7]. A single weld bead represents the smallest 

subsection in the fabrication process and every component can be seen as a set of individual 
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weld beads. Hence, the macro-scale properties of a component depend, in the first instance, 

on the arrangement of the weld beads in the structure. Given the layer-wise fabrication 

mechanism, this is split up into 2D layers, in which the weld bead pattern is governed by the 

scan strategy, and the stacking schemata of these individual layers is governed by rotation 

increments and limitation windows. The result is an interlaced structure of weld beads with 

characteristic in-plane patterns, which are sequentially alternated from one layer to the next 

layer. If we disregard the influence of the manufacturing parameters on the grain growth for a 

moment, and solely consider the stacking schemata as the governing factor on the overall 

grain distribution, the following distinctions can be drawn. The in-plane possibilities to alter 

the arrangements are versatile via adjustments in the irradiation strategy and pattern, whereas 

the layered-manner is fixed. Hence, with the commonly utilized alternating in-plane 

arrangements, as opposed to the distinct layering, the polar angle dependency generally is far 

more pronounced than the azimuth angle dependency. Of course, there are additional 

mechanisms playing significant roles, foremost being the material dependency. Once a single 

weld bead is solidified, and comprises the idealized grain structure, the latter might be altered 

in the process via subsequent heat inputs, i.e. neighbouring weld beads and subsequent layers 

being fabricated. In the case of AlSi10Mg the silicone precipitations have a stabilisation 

effect on the grain size and prevented secondary grain growth, whereas 1.4404 stainless steel 

responded with epitaxial grain growth, with grains expanding through multiple layers in an 

interlock-like fashion, leading to distinct, material dependent anisotropic characteristics. 

Despite the anisotropy, there are a few distinctions which hold true across a variety of 

materials, when comparing SLM fabricated materials to their conventional, industrially 

fabricated38, counterpart (exemplified in Figure 6-2). Selective laser melted materials exhibit 

• remarkably high yield strength 

• slightly higher ultimate tensile strength 

• reduced ductility 

                                                 
38 For the dental CoCr alloys the measure for the comparison is investment cast, which is inferior to properties 
achieved in die-cast. Thus, AlSi10Mg and 1.4404 are utilized in this comparison. 
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Figure 6-2: Tensile properties of SLM fabricated (i) 1.4404 stainless steel and (ii) AlSi alloy 
in the as-built condition; compared with conventional fabrication techniques [4,8] 

An overview of the expectable material properties in terms of respective minima and 

maxima, drawn from the results in Chapters 2-5, is provided in Table 6-1. For a safe 

dimensioning, which entirely neglects the inherent irregularities, the knowledge of the 

minimal strength and ductility is the crucial information. For advanced dimensioning, which 

takes the anisotropy into account and utilizes the peculiarities for their benefit, the precise 

description of the material characteristics is required. Latter necessitates in the most general 

form to describe the material properties in relation to a specific direction (Φ, Θ) and overall 

location (x, y, z), with the polar angle (Φ) generally being the most pronounced factor. 

 

(i) (ii) 
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Table 6-1: Summary of the minimum and maximum values obtained for the mechanical properties, all results refer to the non-heat treated 
condition 

 Tension Compression 
Fracture 
toughness 

KIC 

[𝐌𝐏𝐚√𝐦] 
 

Young's 
modulus 
E [GPa] 

Yield strength 
Rp0.2 [MPa] 

Ultimate tensile 
strength 

Rm [MPa] 

Elongation at 
failure 
At  [%] 

Young's 
modulus 
E [GPa] 

Yield 
strength 
[MPa] 

Ultimate 
compression 

strength 
[MPa] 

Elongation 
at failure 

[%] 

AlSi10Mg 62.6-72.9 180-241 314-399 3.2-6.5 75.9-82.4 190-230 > 430* > 8* 40.6-59.1 

1.4404 138-227 439-539 512-699 11.8-42.7 - - - - - 

ST2724G 
CoCrMo 

(Bal-29-5.5) 
98-112 674-783 923-1102 5.7-14.8 - - - - - 

Remanium 
star CL 
CoCrW 

(60.5-28-9) 

139-183 755-965 1188-1272 10.4-24.3 - - - - - 

* max. values prior to buckling; expected maxima around 700 MPa for ultimate compressive strength at 25% compressive strain [9] 
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6.3.1 Material Dependent Polar Angle Anisotropy 

The collected data acquired from tensile tests with various inclinations for all investigated 

materials, i.e. AlSi10Mg, 1.4404 stainless steel, and two biocompatible type 5 dental Co-

based alloys (CoCrMo – ST2724G and CoCrW – Remanium star CL), is summarized in 

Figure 6-3. The ductility, respectively the elongation at failure, appeared to be the most 

volatile characteristic across all materials, with contrarious progressions. AlSi10Mg and 

1.4404 exhibited minima at Φ = 90°, whereas both Co-based alloys showed their respective 

maxima at this direction. Further contrarious progressions were evident for both yield 

strength and ultimate tensile strength between AlSi10Mg and 1.4404. AlSi10Mg suffers in its 

as-built condition from embrittlements caused by concentrated Si-segregations, with the main 

emphasis between layers, and thus, is prone to shear fracture. 1.4404 on the other hand has 

exhibited its peak performance at Φ = 45°, i.e. when the maximum shear force acts between 

layers, which is related to the secondary grain growth (epitaxy) with grains expanding across 

multiple layers. This peak performance extended from the tensile strength to the Young’s 

modulus, which showed an emphasised spike exceeding the nominal Young’s modulus of the 

bulk base material. Under tensile loading, the Young’s modulus of selective laser melted 

material was found to be in most instances lower, or at the lower end of the range, compared 

to the respective bulk base material fabricated with conventional procedures. Moreover, the 

anisotropy extends to the type of loading. The status of the investigations undertaken per raw 

material differs, with the furthest progression made for AlSi10Mg. For the latter, in the 

compression versus tensile loading, the Young’s modulus, ultimate compression strength and 

compression strain exceeded their tensile equivalent by a large margin, whereas yielding and 

the anisotropy in the yielding behaviour were identical. Fracture toughness investigations 

based on type 1 crack opening mode showed an almost stable value for the polar angle range 

up to Φ = 45°, with a 20% drop from Φ = 45° to 90° (crack parallel to layers). 

To sum up, a selected laser melted material is anisotropic, with the progression and emphasis 

of the fluctuation being material dependent and varying upon the particular mechanical 

property considered.  
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Figure 6-3: Material dependent characteristic and emphasis of the anisotropy in: (i) Young’s 
modulus; (ii) yield strength; (iii) ultimate tensile strength; (iv) elongation at failure; all shown 
results refer to uniaxial tensile testing of samples in the non-heat treated condition, built up in 
width direction and with an constant azimuth angle (Θ = 0°) 

6.3.2 Clinical Relevance 

The effect of fluctuating material properties represents a challenge for both the precise 

description of the material behaviour, required for accurate simulations, and the validation 

process against known good values, drawn from isotropic material. The dental standard for 

determination of a material’s suitability for use in dental restorations (ISO standard 

22674:2016) relies on uniaxial tensile testing. The type of loading which occurs in a denture, 

crown, bridge, etc., vastly differs from uniaxial tensile loading, and with it, the properties and 

performance in use may differ from an isotropic equivalent. Foremost being the stiffness, i.e. 

the Young’s modulus. In the as-built condition both ternary type 5 dental Co-based alloys 

revealed low Young’s moduli, with CoCrW (Remanium star CL) barely meeting the 

minimum requirements and CoCrMo (ST2724G) failing to meet the required 150 GPa 

entirely. The undertaken investigations strongly suggest that for mixed mode, bending, or 

(i) (ii) 

(iii) (iv) 
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compressive loading the stiffness is higher and the material might be suitable in their as-built 

condition as well. At the current stage where selective laser material is characterized and 

treaded as its investment cast counterpart for dental use, a subsequent heat treatment is 

inevitable to safely meet the required uniaxial stiffness. Apart from the required heat 

treatment to raise the Young’s modulus, performing a heat treatment is recommended due to 

its positive effect on the ductility and the reduction of the anisotropy. A summary of the 

results for both dental alloys in the non-heat treated and heat treated condition is provided in 

Figure 6-4. If the heat treatment comprises a full annealing cycle with complete 

recrystallization and slow cooling rates, to allow thermodynamic equilibrium, the outcome is 

an almost isotropic material (annealing HT was applied for Remanium star CL). In terms of 

clinical utilization for dental restorations, solely the defined minimum Young’s modulus was 

found to be problematic, all other requirements were exceeded by large margins, independent 

of the condition and inclination. To conclude, the investigated Co-based dental alloys in their 

heat treated state met or exceeded the mechanical properties required for utilization in dental 

restorations. Furthermore, selective laser melted dental Co-based alloys were reported to have 

lower ion emission rates than their cast counterpart, and cytotoxicity studies deemed it safe, 

non-irritant and nontoxic on oral tissues [10-13]. 
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Figure 6-4: Comparison of the tensile characteristics of CoCr alloys (heat treated and non-
heat treated condition): (i) Young’s modulus; (ii) yield strength; (iii) ultimate tensile strength; 
(iv) elongation at failure; Note: The applied heat treatments were based on the 
recommendations of the individual supplier and are not directly comparable. 

 
In addition to the inhomogeneous surface quality, which differs upon its respective 

morphology depending on inclination of the individual surface or point along a curvature, the 

mechanical properties can be inhomogeneous as well. Inhomogeneity in mechanical 

properties is reasoned in varying thermal conditions in the build space, accompanied by 

fluctuations in the cooling rate and correspondingly the resulting crystalline structure. The 

distinctive thermal envelope depends on multiple factors. Foremost the machine setup itself 

with the positioning of the thermal regulation and its effectiveness from the start of a build 

job and progress over time. A set preheating temperature of 200°C was found to drop down 

to an effective 130°C in the powder-bed after a gain of just 10 mm in build height. The 

thermal conduction in the powder-bed is magnitudes lower than in continuous solid metal, 

(i) (ii) 

(iii) (iv) 



 Page 265 

thus, leading to the effectiveness of the thermal regulation in the mounting plate being 

dependent on the connection between the component to be manufactured and the substrate 

plate (i.e. connection via support structure, solid metal, or powder). This alteration was found 

on micrographs taken on various positions along tensile samples which revealed largely 

differing microstructures. With a set distance between the part and the substrate, to allow for 

cutting off the part after fabrication, the initial layers build on top of the support structure (i.e. 

on top of a honeycomb-structure whereby the shell is solid metal and the inside is loose 

powder) revealed a very coarse grain structure due to slower than usual cooling rates. Once 

sufficient solid material was present underneath, i.e. as the already built part volume 

increased, the cooling rates became faster and the microstructure became finer. These local 

effects in varying microstructure occur predominantly on the first couple of layers fabricated; 

if the fabrication takes place on top of a delicate support structure or on top of the powder-

bed itself.  

A further inhomogeneity, which vastly depends on the chosen material, is the slow alteration 

of the microstructure over time caused by the dwell time of already fabricated volume in the 

build environment at elevated temperatures. This type of inhomogeneity was found in 

AlSi10Mg only, while 1.4404 stainless steel and the two Co-based alloys were not affected. 

Its occurrence depends primarily on the set preheating temperature, the steadiness of the 

material’s microstructure against thermally induced alteration at this temperature, the runtime 

of the individual build job until completion, and the point in time during the job the 

considered part or volume was fabricated. In the case of AlSi10Mg, the set preheating 

temperature caused varying age hardening stages, with fabricated components having higher 

hardness and strength towards the substrate plate. In other words, this inhomogeneity is 

dependent on the z-coordinate. 
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Chapter 7.  

Conclusion and Further Work 

Powder-bed fusion (PBF) techniques incorporating the full melting of the raw metal powder, 

categorized under selective laser melting (SLM), are capable of fabricating metal components 

with superior mechanical properties. Albeit the still present challenges in the accurate 

prediction of the material characteristics, there are numerous benefits to be gained by 

incorporating SLM. Foremost the geometrical freedom and the capability to directly fabricate 

components based on CAD data without the need of dedicated, case specific, tools, but also 

the gain in mechanical strength due to the very fine microstructure. The latter is most evident 

on the yield strength of selective laser melted metal, which exhibits substantially higher yield 

strength than its conventionally fabricated bulk base material. Moreover, SLM fabricated 

material was found superior in compressive loading scenarios.  This allows reducing weight 

via flexible designs and non-standard geometries and due to increased material strength. 

In regard to dental applications, SLM was found being a viable option for the fabrication of 

dental restorations. At the current state, a heat treatment should be incorporated to reduce the 

anisotropy in the material characteristics and to improve the stiffness. 

 

Further work: 

• Heat Treatments for additively manufactured AlSi alloys 

In the case of aluminium-silicon (AlSi) alloys, the fine-grained structure is superimposed 

with an additional grain stabilisation feature. In the as-built condition, the single Al-grains are 

surrounded by Si-segregations, which hinder the Al-grains from growing further. Left 

untreated, these Si-enrichments represent brittle areas and predetermined points of fracture. 

Yet, of all known strengthening mechanism, the strengthening via a grain-refinement is the 

only option which does not sacrifice on the ductility of the material. In the range of 

conventional heat treatments, solely the pure aging led to a further increase in strength and 

hardness, but at the cost of further promoting the inhomogeneous growth of Si-segregations. 

For additively manufactured AlSi alloys, there are no specific HTs available at this stage and 
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the immense potential of the fine-grained, super-saturated and naturally grain-size-stabilized 

structure remains untapped. 

• Combination of the various anisotropies and inhomogeneities into a material law 

Selective laser melted metal is anisotropic and inhomogeneous. Large efforts were made to 

identify and describe these factors. In order to utilize these for accurate computational 

simulations, material laws on the macro-scale need to be derived on their basis to enable 

more accurate numerical simulations. 

• Linkage of the designing and manufacturing process 

The idea of utilizing anisotropic properties and adjustable material properties as an advantage 

is common in compound materials and via altering fibre orientations to gain specific 

properties. At the current state, this undertaking is in its very early stages as far as SLM is 

concerned, and is far from its potential. The given freedom in design holds immense potential 

for topology-optimized structures and linking the dimensioning of components with the 

achievable characteristics appears very beneficial. Currently, there is the chance of 

fluctuating quality of parts since the dimensioning and its manufacturing (with all its 

influences on the performance and properties of the component) are tackled individually, 

whilst being closely related. 




