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ABSTRAKT 
Tématem předložené disertační práce je zpracování hořčíkových slitin technologií 
selektivního laserového tavení. Práce podrobněji rozpracovává otázku korozní odolnosti 
takto vyrobeného materiálu, relativní hustoty a mechanických vlastností s důrazem na 
použití v biomedicínských aplikacích. Hlavním cílem práce je objasnění vlivu procesních a 
technologických parametrů na korozní rychlost zpracovaného materiálu. 
V první fázi práce byla na sériích liniových a objemových vzorků zkoumána relativní hustota 
vzorků spolu s vnitřní mikrostrukturou a mechanickými vlastnostmi. Druhá fáze se zabývala 
vlivem mikrostruktury a jakosti povrchu na výslednou korozní rychlost materiálu 
v simulovaném prostředí lidského těla. Díky tomu se podařilo stanovit korozní rychlost S L M 
zpracovaného materiálu a určit, jakým způsobem j i lze měnit změnou procesních parametrů. 

V práci se podařilo opakovaně dosáhnout relativní hustoty materiálu 99.5 % s tvrdostí 
85±6 HV, pevností v tlaku 416±40 MPa a tříbodovém ohybu 212±9 MPa, což jsou hodnoty 
poměrně blízké lidským kostem. Zároveň se podařilo snížit rychlost koroze materiálu o 
takřka 22 % snížením drsnosti povrchu z původních Ra 57.3 na Ra 34.2. V práci však nebyl 
zmapován detailní vliv katodických fází během korozního testu. 
Uvedená práce podává čtenáři ucelený přehled o problematice 3D tisku hořčíkových slitin 
spolu s detailním popisem vlivu procesních a technologických parametrů na proces výroby 
slitiny WE43. Práce definuje korozní vlastnosti 3D tištěného materiálu s relativní hustotou 
99.5 % s různými jakostmi povrchu. Výsledky práce posouvají dále poznání v oblasti 
biodegradabilních implantátů pro využití v medicínském prostředí. 

KLÍČOVÁ SLOVA 
Selektivní laserové tavení, hořčíkové slitiny, homogenní materiál, mikrostruktura, korozní 
rychlost 

ABSTRACT 
The topic of the presented doctoral thesis is the processing of magnesium alloy technologies 
of selective laser melting. The thesis elaborates in more detail the issue of corrosion 
resistance of the material produced in this way, relative density, and mechanical properties 
with emphasis on the use in biomedical applications. The main goal is to clarify the 
influence of process and technological parameters on the corrosion rate of the processed 
material. 
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In the first phase of the work, the relative density of the samples was examined on series 
of linear and volumetric samples along with the internal microstructure and mechanical 
properties. The second phase dealt with the influence of microstructure and surface quality 
on the resulting corrosion rate of the material in the simulated environment of the human 
body. Thanks to this, it was possible to determine the corrosion rate of the S L M processed 
material and to determine how it can be changed by setting of the process parameters. 
During the research, it was repeatedly achieved a relative density of 99.5% with a hardness 
of 85 ± 6 HV, compressive strength of 416 ± 40 MPa and three-point bending strength 
of 212 ± 9 MPa, which are the values relatively close to human bones. At the same time, it 
was possible to reduce the corrosion rate of the material by almost 22% by reducing the 
surface roughness from the initial Ra 57.3 to Ra 34.2. However, a detailed influence 
of cathodic phases during the corrosion test was not tested. 

This thesis provides the reader with a comprehensive overview of 3D printing of magnesium 
alloys along with a detailed description of the influence of process and technological 
parameters on the WE43 alloy production process. The thesis defines the corrosion 
properties of 3D printed material with a relative density of 99.5% with different surface 
qualities. The results further advance the knowledge in the field of biodegradable implants 
for medical applications. 

KEYWORDS 
Selective laser melting, Magnesium alloys, Homogeneous material, Microstructure, 
Corrosion rate 
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1 INTRODUCTION 

Along with the development of additive technologies, more and more scientific efforts are 
focused on the processing of more demanding materials such as low-melting non-ferrous 
metals. This opens up scientific opportunities in application areas such as biomechanics, 
genetic engineering or medicine. These areas are inextricably linked to artificial implants 
in the human body, the purpose of which is to enable the patient to lead an almost full life, 
even with the loss of key organs or to help in the treatment of extensive injuries. One such 
injury is an extensive bone defect that current orthopaedic surgery faces [1]. In 2017, 2.7 
million extensive bone defects were recorded according to the statistic from the six key-
European countries by patients over the age of 50. Their treatment cost countries 37.5 billion 
euros in summary (reoperation, medical expenses, sick days, etc.). In addition, the prediction 
for 2030 counts with the next increase of 30 % due to the increased average age of 
humankind. The use of biodegradable implants seems to be the best solution to deal with 
this problem due to removing the reoperation and shorter the sick days. Biodegradable 
implants are also an area that has attracted humankind for more than a century and has had 
the considerable potential [2]. 
From among the biodegradable materials, magnesium and its alloys appear to be the most 
suitable for bone replacements. Magnesium is one of the basic building blocks of the human 
body and can be found naturally in human bones [3-5]. Its corrosion produces a non-toxic 
oxide that is excreted in the urine [6]. In addition, due to its function in the bones, it 
contributes to stimulating the growth of new bone tissue [7-10]. This, in conjunction with 
its elastic modulus, which is closer to the bone tissue more than other biodegradable 
materials (bone: 3-20 GPa, Mg: 41-45 GPa, Ti alloys: 110-117 GPa, stainless steels: 189-
205 GPa) [6], leads to a delayed or complete prevention of implant reoperation. 
However, current procedures applied to non-healing bone defects face a number of problems 
such as immune system rejection, insufficient space at the defect site, mechanically different 
properties of bones and implants, reoperations, etc. To solve these problems, bone tissue 
treatment is increasingly being considered directly at the defect site. However, such 
a treatment requires implants that take into account the extent of the injury as well as 
the different body structure of the patient. Applying the implant can also cause a problem 
with the supply of nutrients to the injured area. This can be solved by using lattice structure, 
which can be close in shape to the structure of the bone tissue. 

The structure of human bone tissue is hierarchical. It contains three cavities and each of them 
has a different size in the order of tens of micrometres [11]. Each of them has a defined role 
in bone regeneration and mechanical integrity [12]. They also allow for nutrients to flow 
to the injured tissue [13]. Hierarchical bone pores can be replaced by a precisely defined 
lattice structure. The lattice structure can support the injured tissue at the defect site and at 
the same time serve as a support for cell growth at the injured site. In this way, it is possible 
to solve problems with the built-up area at the site of injury, cell migration, nutrient and 
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waste exchange [14, 15]. This largely minimizes the production and transmission 
of pathogens [16]. By designing the shape and dimensions of the structure, the elastic 
modulus of the material near the bone tissue can be changed, which makes it possible 
to eliminate the stress effects on the regenerated bone [17]. The structures are also used in 
other fields, mainly due to weight reduction, its absorption and acoustic properties [18, 19]. 
Fibre splicing, gas foaming or lyophilisation technology can be used to produce lattice 
structures. However, these methods provide a limited ability to control the morphology 
of the it [20-22], which is crucial for custom implant production. In contrast, the use 
of additive technologies provides the geometry that is controlled by C A D data. The "layer 
by layer" production method makes it possible to produce parts of complex shapes which 
cannot be produced by conventional methods [23]. 

Fig 1.1 Comparison of basic mechanical properties of bone implants designed by additive manufacturing 
with the structure of real bones. 

Selective laser melting (SLM) appears to be a suitable additive method for the processing 
of magnesium and its alloys. This method can process a wide range of materials such as A l , 
Ti , CoCr, Au, Cu, N i [24, 25]. However, the use of the S L M method requires a specific 
production process setting for a specific application and material. The processability 
of magnesium and its alloys using S L M has not yet been systematically described, although 
a number of publications are beginning to deal intensively with this topic. The results so far 
show that the material can be additively processed, although it is very difficult. The reason 
for difficult processing is mainly the low melting point (650°C) and evaporation (1091°C) 
together with high reflectivity (up to 98%). These properties, together with rapid corrosion, 
are the main reasons for the difficult processability of magnesium and its alloys using 3D 
printing. 
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One of the biggest problems faced by parts made of magnesium alloys using the S L M 
method is low corrosion resistance. This can be influenced, among others, by the quality 
of the surface. The surface quality can be partly influenced by setting the process 
parameters. However, this issue has not yet been addressed in 3D-printed magnesium alloys. 
Therefore, this thesis will focus on describing the influence of process parameters 
on the surface quality of magnesium alloys and its influence on the corrosion resistance 
of the printed material. 
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2 STATE OF THE ART 

2.1 Selective laser melting technology 
The S L M technology patent was first filed in 1997. This technology was developed 
in collaboration with Dr. W. Meiners, K. Wissenbach, G. Andres of Franhofer ILT, and Dr. 
M . Fockele and Dr. D. Schwarze of F&S Stereolithographietechnik GmbH [24]. 
As an input material, this technology uses atomized metal powder, the fraction of which 
most often ranges in the order of 10-100 um. The powder is produced by the melt spatter 
with a nozzle into an enclosed space, into which inert gases are fed at high speed (Fig 2.1). 
These are most often Ar, N2, or He. The spatter droplets of metal naturally try to take 
on the least energy-intensive spherical shape. Due to the rapid cooling of the metal spatter, 
asymmetrical shapes and adhered satellites may occur in some droplets. 

(a) (b) 
Fig 2.1 (a) Metal powder atomization scheme [26] and (b) SLM method scheme [27]. 

The S L M method consists in depositing the layers of metal powder and joining them using 
thermal energy provided by a laser (Fig 2.1). The geometry of the printed part is controlled 
by C A D data, from which the laser paths for the individual layers are subsequently created. 
The printing itself begins with depositing the first layer on a metal plate, which should match 
the chemical composition of the printed material. The desired shape is hatched on the laser 
and the powder is welded to the build plate. The build plate with the resulting part decreases 
by the height of one layer, which is then deposited. By re-hatching with the laser, the molten 
powder is welded to the previous layer. This process is repeated until the required geometry 
is reached. The S L M technology is suitable for a wide range of materials such as A l , Cu, Ti, 
Au, N i , Zn, Mg etc. [24, 28] and, thanks to the principle of production, it is possible 
to produce geometry unattainable by conventional methods [23]. 
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The quality of the resulting parts can be controlled by a number of parameters (estimated 
at several tens). These may include, for example, the quality of the input material, the purity 
and composition of the inert atmosphere, preheating of the build plate, overpressure 
in the production chamber, etc. A relative density of manufactured parts close to 100 % can 
be achieved by a suitable combination of process parameters [29]. The parameters that have 
the greatest impact on the production process include laser power, scanning speed, hatch 
distance and the thickness of the deposited layer. These main parameters are expressed in the 
energy equation (2.1). 

Where E is the energy density [J-mm"3], Lp is the laser power [W], Ls is the laser scanning 

speed [mm-s"1], Hd is the hatch distance [mm] and Lt is the layer thickness [mm]. 

The calculated energy density can be effectively used to find the areas where the printing 
process works permanently [30]. Subsequently, suitable ratios between the main parameters 
are set in the selected process area. Energy density can be expressed as linear and volumetric 
density. Linear energy is used for the initial considerations dealing with the weld deposition 
test. It serves as a primary indicator that can be used to evaluate the results of the weld 
deposition test. However, this value does not provide information on the production 
behaviour of the volumetric sample [31]. Thus, it may happen that when the same energy 
but different process parameters are reached, the result will be different. The energy 
equation associating the process parameters does not take into account the effects of other 
parameters such as build plate preheating or remelting of the layers. At the same time, 
the use of preheating and remelting can lead to a significant change in the structure 
of the material even outside the specified range of used energies [32, 33]. For these reasons, 
the energy density value is mainly used as a comparison criterion. 

The parameter that can directly control the amount of input energy coming to the melting 
site is the laser power. A laser beam with a Gaussian profile is used as standard. By blurring 
it, it is possible to spread the input energy over a larger area, which can effectively reduce 
the depth of the weld deposition tracks if too deep. At the same time, the power of the laser 
has the most fundamental effect on the resulting properties of the manufactured part 
in comparison with other parameters [34]. The setting of the laser power, its operating mode 
and other properties depends on the type of laser, the type of 3D printer used and the material 
being processed. 
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Scanning veloci ty (V) 

(a) (b) 
Fig 2.2 (a) Process window diagram with designation of processable and (b) definition of main process 

parameters [35]. 

The choice of scanning speed has a direct effect on the size of the melt pool at the point 
of impact of the laser beam. The low scanning speed leads to a large accumulation of energy 
at the point of impact of the beam, which increases the dimensions of the melt pool and its 
temperature. Since the temperature outside and at the edges of the melt pool is different [36], 
in this case, the melt may spatter due to unstable conditions in the melt pool [37]. The spatter 
droplets of melt can sinter the surrounding powder into agglomerations which disrupt 
the uniformity of the deposited layer and can cause porosity. Low scanning speed can also 
lead to a balling effect, which reduces the quality of the produced surface. 
Along with the laser power, the hatch distance has the greatest effect on the production 
process. By bringing the weld deposition tracks closer together, they are remelted, which 
increases the energy densities at the melting site. This ensures stable melting of the powder 
even with the use of lower laser power. However, a very large hatch overlap significantly 
increases production time. In addition, high energy density can also lead to the formation 
of cavities in the material due to gas trapping [38]. 

The height of the layer is chosen with respect to the powder fraction used. It is most often 
in the range of 20-100 um. Although the use of a lower deposited layer lengthens 
the production time, the benefit is an increase in the relative density of the manufactured part 
[39]. Increasing the height of the layer also increases the amount of material involved 
in the melting process. As a result, the formed weld deposition tracks are wider, which must 
be taken into account when choosing the hatch distances [32]. 
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2.2 Processing of magnesium and its alloys by SLM method 
2.2.1 Processing of pure magnesium by SLM method 
The first information about attempts to process pure magnesium by the S L M method 
appeared in the years 2010-2011 [40-42]. The group around Ng assembled its own S L M 
device with a protective box, where they examined weld deposition tracks made of pure 
magnesium (Fig 2.3). During the tests, the authors faced a constant increase in oxygen 
in the process chamber of the machine, which was reflected in the chemical composition 
of the surface of the weld depositions. Initial tests also showed a high sensitivity 
of the printing process to the quality of the input powder. Experiments with pulsed and 
continuous laser modes showed more continuous weld deposition tracks as the laser power 
increased. However, at the same time, the depth of the weld deposition increased 
significantly, which would affect a large number of already solidified layers in the case 
of printing a volumetric part. 
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Fig 2.3 (a) Identification of the minimum amount of energy density for the formation of weld deposits from 
pure Mg and (b) the effect of energy density on the saturation of the surface of the weld deposit with 
oxygen [41]. 

The follow-up test was focused on the validation of the effect of the deposited powder layer 
and the effect of build plate preheating [32]. By adding of preheating of the build plate, 
it was possible to reduce the laser power while maintaining the continuous shape of the weld 
deposition tracks, and thus energy can be supplied to the melting site efficiently from other 
sources than just from the laser beam. The change in the thickness of the powder layer 
affected the amount of oxygen found on the surface of the weld depositions. The higher 
layer thickness reduced the amount of oxygen in the surface layer. The reason for this 
behaviour was probably a reduction in energy density and thus a reduction in temperature 
and the number of vapours at the melting site. As a result, the passivation film on the surface 
did not disrupt so much and oxygen could not diffuse into the material to such an extent. 
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The next step was a test for the production of volumetric samples, where, based 
on the findings from previous work, further increase in the laser power was examined (Fig 
2.4.). Two fractions of magnesium powder were used during these tests. The higher 
distribution powder (average particle size of 45.32 um) required a higher laser power than 
the lower distribution fraction to achieve the same relative sample density. Due to the low 
density of magnesium powder, the lift of the powder with a lower fraction (average particle 
size of 25.85 um) was observed after laser impact. However, the increase in laser power had 
a negative effect on the reduction in the quality of the surface to which the surrounding 
powder began to be fused. 

(a) (b) 
Fig 2.4 Volumetric samples of pure magnesium using powders with a distribution of (a) 26 um and (b) 

43 urn [43]. 

2.2.2 Processing of Mg-AI (AZ) based alloys by SLM method 

The first tests on pure magnesium were quickly followed by a series of tests on selected 
magnesium alloys. Mg-Al-based alloys were the first, probably due to their industrial use. 
The initial tests were focused on the description of the process window diagram, describing 
the behaviour of the material when printing volumetric parts with different combinations 
of process parameters [30]. Due to the large scatter in laser power and scanning speed, 
a relatively wide range of combinations of these parameters was mapped. However, most 
of the produced samples lacked mechanical integrity. In addition, during the printing 
of the samples, a large number of process emissions appeared in the production chamber, 
which blurred the laser beam. Samples designated A , B, C and D appeared to be suitable 
for further analyses (Fig 2.5). 

The microstructure of the material contained pores resembling a bloom. These were probably 
created by trapping the vaporized gases (Fig 2.6). At the same time, a balling effect was 
formed on the surface of the samples due to oxidation. The grain size in the material ranged 
from 10 to 20 um. It was observed that as the scanning speed increased, the grain size in the 
material decreased. Intermetallic phases typical of AZ91 alloys (MgnAlu, MgO a AI2O3) 
appeared in the produced samples. 
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Fig 2.5 Process map diagram for printing volumetric samples from Mg-9% Al alloy [30]. 

(a) (b) 
Fig 2.6 Porous microstructure in material (a) and dependence of sample hardness on energy density (b) 

[30]. 

The aim of another test was to describe the behaviour of AZ91D alloy as a function of energy 
density and gradually increasing hatch distances [44]. To map the behaviour, a process 
window diagram was created and divided into four areas (Fig 2.7 The first area containing 
energies higher than 214 J mm"3 was characterized by the occurrence of strong evaporation 
of the material, which made it impossible to continue the production process. After reducing 
the energy density to 87-167 Jmm" 3, the production process stabilized and the amount 
of evaporated material decreased. In this area, a sample with a relative density greater than 
99.5 % was obtained. Gradually reducing the energy density, a balling effect began to appear 
during production, which had a negative effect on the stability of the melt pool. Fine grain 
and the associated increase in hardness compared to conventional material processing 
methods were detected in the analysed samples. The material also showed the boundaries 
of the weld deposition tracks and the size of their penetration. It ranged in values even above 
300 urn. The low value of porosity in the material was probably caused by multiple remelting 
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of already solidified layers of material. 

Fig 2.7 Process map describing the behaviour of AZ91D alloy depending on the energy 
density [44]. 

The inconsistency of the results between the authors gave rise to further work [34], which 
aimed to verify the results of the study [44]. In this work, the behaviour of weld deposition 
tracks was investigated when changing the laser power and the scanning speed. Thus, areas 
were determined where the weld deposition tracks were stable, did not spatter and their 
shape was continuous. The behaviour of the weld deposition tracks was recorded 
on the relevant graphs (Fig 2.8). It has been confirmed that the laser power has a more 
fundamental effect on the production process than the scanning speed, both in terms of 
the shape of the weld depositions and the amount of evaporated material. 

P,: 90 W v,: 400 mm/s Pt: 75 W v,: 400 mm/s P,: 60 W : 400 mm/s / ' , : 45 VV r,: 400 mm/s 

100 urn 
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20 100 200 300 400 500 6O0 700 800 Jfflü 1000 20 100 200 300 400 500 600 700 800 ^ |000 

Scanning speed i Scanning speed V, 

Fig 2.8 Influence of laser power and scanning speed on the shape of weld depositions made of AZ91D 
alloy [34]. 

As part of the work, a volumetric sample was also created to serve for the optimal setting 
of the overlap of the weld deposition hatches so that no defects would occur at the interface 
of the weld deposition tracks (Fig 2.9). However, this goal was not met and the defects were 
not completely eliminated. Nevertheless, it has been found that increasing the energy density 
by increasing the hatch overlap does not increase the evaporation of the material as sharply 
compared to increasing the laser power. At the same time, it was noted that the change 
in the height of the deposited powder layer in the range of 15-60 urn does not have 
a significant effect on the production process for AZ91D alloy. Probably due to the large 
penetration of the weld deposition tracks. 

P t : 9 0 W v,: 300 mm. s 

150 130 
Hatch distance h 
90 70 50 

95 122 
Volume energy density £ , 

286 J /mm 3 857 
1 mm 

Fig 2.9 Surface of the volumetric sample produced by gradually increasing the overlap of the weld tracks 
[34]. 

The results of the studies showed that increasing the laser power leads to a homogeneous 
material without defects. However, as the laser power increased, so did the amount 
of vaporized material, which prevented further testing in this direction. This problem began 
to be solved by designing a new inert atmosphere circuit in order to take the process 
emissions away from the process chamber (Fig 2.10). This concept opened up the possibility 
of processing magnesium and its alloys using energy densities higher than 100 Jm~ 3. 
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(a) (b) 
Fig 2.10 Recording of vapours during the AZ91D alloy printing process: (a) without modification of the inert 

atmosphere circuit; (b) with a modified inert atmosphere circuit [45]. 

2.2.3 Processing of Mg-Y-Nd (WE) alloys by SLM method 
In addition to gradually increasing the energy density, another different approach was chosen 
to achieve a high relative density of the samples. This approach has been briefly described 
here [33]. It was the printing of magnesium alloy WE43 with energy densities lower than 
those used for the printing of aluminium alloys. The energy was supplied to the melting site 
mainly via increasing the hatch overlap instead of increasing the laser power. In addition, 
remelting followed after each layer produced, and the resulting energy density was thus 
divided into two equal steps. In this way and by increasing the scanning speed to mms" 1 

the depth of weld depositions in the samples was limited. In this manner, a relative sample 
density above 99 % would be achieved with mechanical strength comparable to conventional 
production methods. In addition, the reduction in laser power led to a reduction in the amount 
of evaporated magnesium. Nevertheless, the samples contained a number of defects that 
negatively affected their properties (Fig 2.11). 
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Fig 2.11 Comparison of the use of conventional production strategy (a) and remelting of layers (b) [33]. 

Efforts to reduce the porosity of the produced samples to a minimum have led to testing 
the effect of hot isostatic pressing (HIP) on the change of defects in the material This had 
a significant effect on the samples with porosity of 1.75 % or more. The application of HIP 
to the samples with a porosity below 0.5% had a minimal effect on both the resulting relative 
density of the sample and its compressive strength. The microstructure of the produced 
samples contained compounds typical for WE43 alloy (Y2O3, Mg24Ys, MgO, Mg4iNds, etc.), 
even after HIP application. The highest value of relative density achieved was 99.6 % using 
the process parameters Lp = 195 W, Ls = 800 mms, Hd = 20 urn, Lt = 30 urn. 
Increasingly, reaching the relative density of samples above 99 % has led to the novice 
publishing activity via follow-up analyses. One of them was the description of the ultimate 
strength of the WE43 alloy created by S L M tensile diagram [38]. The results were related 
to the cast and extruded material. During the tensile test of S L M samples, a significant yield 
strength was observed and the S L M processed material achieved comparable properties as 
the extruded material (Fig 2.12). Only the elongation of the extruded material was about 
40 % higher compared to the S L M material. This was mainly due to the fine-grained 
structure after laser processing. Contour porosity repeatedly appeared in the samples 
produced by S L M . The reason was probably the choice of a construction strategy where 
the laser rotated at the sample boundaries. The accumulation of heat at the point of rotation 
gave rise to spherical pores in which the surrounding gas was trapped. 
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Fig 2.12 Recording of the tensile test at room temperature: (a) the entire course of the test; (b) detail of the 

transition from yield strength to ultimate strength; and (c) scheme of formation of superheated 
areas in the sample contour [38]. 
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A more detailed analysis of the microstructure of the WE43 alloy revealed a different 
distribution of RE secondary phases of rare earth elements [46, 47]. Compared to the cast 
material, the shape of the particles was similar, but their size was significantly smaller. This 
was due to the rapid cooling of the melt during the printing process. As a result, large 
cathodic phases were not formed at the same time, but the Y and Nd elements were 
homogeneously distributed in the material structure. A solidifying front after the passage 
of the laser was also observed in the structure of the material. As a result, a significant grain 
directionality was evident in the material (Fig 2.13). The regions found could be designated 
as a heat-affected zone, a lamellar zone at the boundary of the fusion penetration and, 
at the surface of the samples, the last track after the passage of the laser. These changes carry 
different properties of the S L M processed material. 

Scan tracks 
n n-1 n-2 

Fig 2.13 EBSD map of the last solidified layer of material around the melt pool [46]. 
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An integral part of the printing of magnesium and its alloys is the occurrence of evaporation 
of the magnesium matrix. The susceptibility of the process to blurring the laser beam was 
partially solved by modifying the inert atmosphere circuit of 3D printers. However, 
evaporation during printing was not completely dealt with. Hyer et al. [48] proved that 
the printing of WE43magnesium alloy in the range of energy densities of 20-50 J m~3 is 
possible with the achievement of a relative density of the sample close to 100 %, though due 
to evaporation of the material, their data have a large variance. At the same time, a higher 
compressive and tensile strength was achieved than when processing the material by casting. 
However, it was found in the work that, after printing, a higher concentration of RE elements 
appears in the material. The reason was the higher susceptibility of magnesium 
to evaporation than rare earth elements (Fig 2.14). This must be taken into account during 
printing and possible recycling of the powder. 
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F ig 2.14 Vapor pressure (a) and Ellingham diagram (b) for the main alloying elements of WE43 alloy [49, 

50]. 
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2.3 Oxidation of magnesium and its alloys 
2.3.1 Principle and behaviour of oxidation at standard temperatures 
Magnesium and its alloys are subject to several types of corrosion. One of them is crystal 
corrosion, which occurs over a wide range of pH values. The essence of this type of corrosion 
is the thermodynamic instability of the metal in the environment and its effort to move 
to a more stable state of corrosion products through oxidation and reduction. This creates 
an oxide layer which, if it covers the entire metal surface, can have passivating effects. 
The formation of such a layer is governed by the Pilling-Bedworth molar volume rule. 
The chemical composition of the passivation layer depends on the chemical composition 
of the surrounding environment. Intergranular corrosion in magnesium alloys is 
not dominant, as grain boundaries usually have a higher corrosion resistance than the grains 
themselves [51, 52]. Magnesium alloys show a relatively good corrosion resistance in airy 
and dry atmospheres. The presence of joints or shapes in which water and other solutions 
can be retained allows for the formation of a galvanic cell, which significantly contributes 
to increasing the local corrosion rate. 

The galvanic cell is formed at the interface of metals, which creates a large potential 
difference to magnesium. Galvanic corrosion can thus occur between joints (typically 
a magnesium sheet and steel bolts), but also within one material between its individual 
phases in the microstructure. Corrosion attacks the more electronegative of the pair 
of metals. Even in the case of galvanic corrosion, a passivation layer can form, which 
increases the corrosion resistance of the material. The formation of a passivation layer or 
possible immunity of the metal to galvanic corrosion can be predicted from the Pourbaix 
diagrams (Fig 2.15). The reaction describing the decomposition of the cathode by dissolving 
Mg to form hydrogen is given in Equations 2.2 and 2.3. 

The higher the potential voltage between the cathodic and anodic parts, the higher 
the reaction rate [53]. At the same time, the corrosion rate also affects environmental 
conditions such as temperature and solution pH. The flow of the electrolytic solution also 
has a very negative effect on the corrosion resistance of magnesium. Studies show that 
the corrosion resistance of a sample can be reduced 3-6 times in such an environment [54]. 
To improve the corrosion as well as mechanical properties, magnesium alloys are inoculated 
with alloying elements. One of the common alloying elements of magnesium alloys is 
aluminium. Aluminium is inexpensive, light, increases strength characteristics and reduces 
the anodic reaction rate of magnesium. Therefore, Mg - A l alloys do not corrode as much as 
magnesium alone [55]. Other alloying elements of magnesium alloys are Nd and Y . The use 
of these alloying elements creates intermetallic phases in the alloy, which serve as local 
cathodes and thus contribute to increasing the corrosion rate in the alloy [56]. On the other 

Mg -> Mg2+ + 2e (2.2) 

2H20 + 2e~ ^H2 + 20H~ (2.3) 
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hand, the precipitates significantly refine and homogenize the grain. The fine grain increases 
the grain boundary density, which aids in the passivation of the alloy [57]. As a result, despite 
the higher amount of cathodic phase, it can be stated that Mg-Nd-Y alloys have the highest 
corrosion resistance from among the magnesium alloys [53]. 
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Fig 2.15 (a) Pourbaix diagram for Mg ( H 2 O 3 , 25 °C) [59] and (b) effect of additive elements on Mg corrosion 

in 3 % NaCI solution [58]. 

As mentioned above, a higher corrosion resistance can be achieved by refining the grain. 
The resulting grain size corresponds to the technology by which the material is processed. 
By far the best results can be achieved with laser surface melting (LSM) technology [59, 60]. 
This technology consists in remelting the surface of the material with a laser beam, which 
creates a fine-grained structure on the surface of the material due to the high temperature 
gradient. The laser affects the material to a depth of about one millimetre. In addition, 
in the case of Mg-Nd-Y alloys, intermetallic phases (MgnNd, M g ^ N d i Y , etc.) dissolve 
in the a-Mg solution in the area affected by the laser, thus reducing the proportion of cathodic 
phases and reducing the corrosion rate [61]. Similar fine grain can be achieved by using 
additive technologies such as selective laser melting (SLM) or electron beam melting 
(EBM). 
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2.3.2 Oxidation of magnesium alloys at elevated temperatures 

The corrosion behaviour of magnesium and its alloys has been well described 
in the literature [62]. The corrosion rate is directly-proportionally dependent on the ambient 
temperature (Fig 2.16). Up to temperatures close to 200 °C, the dependence appears to be 
linear. Increasing the corrosion rate is related to higher free energy, which is a driving force 
of oxidation and reduction. Above these temperatures, an ever-stronger exponential trend 
begins to appear, which is caused by the constant violation of the passivation layer 
on the surface of the material. This is mainly due to thermal expansion on the surface 
of the material and subsequent delamination of the already corroded layer. At temperatures 
above 500 °C (temperatures close to autoignition of magnesium), magnesium and its alloys 
are subject to catastrophic corrosion. The passivation layer is even more stressed, this time 
by the stress caused by the pressure of evaporated Mg. . 

0 100 200 300 400 500 600 0 10 20 30 40 50 60 

(a) (b) 
Fig 2.16 (a) Influence of ambient temperature on the corrosion rate of AZ91 magnesium alloys and (b) detail 

of the first hour of test [62]. 

The passivation layer of magnesium alloys is usually formed in separate regions and 
subsequently a continuous film is formed. The reason for this behaviour is usually 
the anisotropic distribution of intermetallic particles in the alloy. The passivation layer most 
often contains MgO and intermetallic compounds corresponding to the alloying elements 
of the given magnesium alloy. Mg3N2 compounds also appear in the passivation layer during 
oxidation at elevated temperatures. The reason is the exothermic reaction occurring between 
Mg and N at elevated temperatures; this contributes to a very poor extinguishing 
of the magnesium flame. 
At temperatures close to the autoignition of the magnesium alloy, vapours are formed which 
react strongly with oxygen to form MgO. This reaction is freely expressed by equation 2.4. 

Mg- 0Solutlon ^Mg + MgO (2.4) 
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2.3.3 Inert atmosphere when printing magnesium and its alloys 

Since the temperature at the point of impact of the laser can approach temperatures above 
2500 °C during the S L M process, it is necessary to process magnesium alloys under 
a protective inert atmosphere. As standard, magnesium alloys are printed in an argon 
protective atmosphere. The input metal powder is usually covered with a passivation layer, 
which is subsequently broken during the production process. By melting the passivation 
layer, bound oxygen is released. Even the presence of a flame cannot completely block 
the access of oxygen to the surface of the molten material [63]. As a result, a passivation 
film is formed on the surface of the material; however, this film is immediately substantially 
disturbed by the pressure of the evaporated Mg and thus reveals another melt involved 
in the oxidation process. If this process lasts long enough (minutes to hours depending 
on temperature) and has sufficient access to oxygen, the alloy may blaze up [64]. Due 
to exothermic reactions with oxygen (nitrogen), in practice, the material is on fire until 
the entire Mg content is burned out. For these reasons, it is necessary to maintain a protective 
atmosphere in sufficient concentration. 
By disrupting the passivation layer, part of the released oxygen is bound to the newly formed 
passivation film, part of the released oxygen is burned, and the rest is released into 
the process chamber of the machine. This process cannot be prevented even by an ultra-pure 
argon atmosphere [65, 66]; therefore, during the production process, it is necessary to keep 
the oxygen value below 0.2 % by constant argon flow. However, at the same time, 
the question arises as to whether it is necessary to maintain a pure argon inert atmosphere or 
to use some other gases. Results from some publications suggest that optimizing 
the composition of the inert atmosphere can increase production repeatability and a range 
of results [67]. 
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2.4 Corrosion behaviour of WE43 alloy processed by SLM 
Successes in the field of additive processing of magnesium alloys have opened a new issue 
- corrosion resistance of S L M processed material. This may be different for volumetric 
samples and for structured material. One of the first studies dealing with the corrosion 
resistance of lattice structures made using S L M from WE43 magnesium alloy was reported 
in 2018 [68]. Information on how to prepare the samples is completely missing. However, 
depending on the machine used, the laser power did not exceed 230 W. Nevertheless, 
the produced samples show a very poor surface quality caused by fusing of the surrounding 
powder to the surface of the structures. The relative density of the lattice structure samples 
was 64 ± 0.2% (expected density was 66.7%). The samples were also found to have 
a different microstructure than the volumetric samples. The reason was probably a different 
heat dissipation in both cases. The samples retained basic mechanical pressure integrity even 
after 28 days in a solution simulating the environment of the human body. During this time, 
the amount of released hydrogen was recorded as basic information to determine 
the corrosion rate of the structures (Fig 2.17), and, though the structures contained a number 
of lacks, there was a significant progress compared to the results to date. 
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Fig 2.17 (a) Lattice structures exposed to the corrosion solution for 28 days and records of hydrogen 

release (b) and concentrations of selected elements in the solution during the corrosion test 
(c) [68]. 
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To increase the corrosion resistance of lattice structures, their surface was modified 
by plasma electrolytic oxidation (PEO) [69]. In order to modify the surface of the structures, 
it was first necessary to chemically etch the surface with phosphoric acid to remove the fused 
powder (Fig 2.18). The passivation capabilities of the layer created by PEO during 
a corrosion test in a simulated human body environment slightly reduced its corrosion 
protection. Corrosion tests lasted 21 days in total. Mg (OH)2 hydroxide was formed as 
the first compound, which gradually reduced the reactivity of the alloy and allowed 
for the material to degrade only through diffusion. However, the presence of CI" ions 
continued to disrupt the Mg (OH)2 layer, resulting in a more stable M g C h phase. 
The formation of M g C h significantly increased the number of cracks in the PEO layer, thus 
accelerating the corrosion of the material. In these cracks, the corrosion penetrated to a depth 
below the passivation layer and caused pitting. Heat treatment with a solidus temperature 
of 530 °C for WE43 accelerated corrosion. The reason was probably the increase 
in the number of grain boundaries along which the corrosion was mostly propagating. 
The main cause of corrosion was the formation of micro-galvanic cells between the cathodic 
phases in the material structure. 

(a) (b) 
Fig 2.18 Comparison of the produced lattice structure before chemical etching (a) and after its application 

(b) [69]. 

When testing the corrosion rate of WE43 alloy treated by the S L M method, an increase 
in the degradation of the material was observed during laser processing compared to casting 
(Fig 2.19). The cause was the kinetics of the cathodic reaction due to the high affinity of Y 
and Zr for oxygen. Especially Zr formed larger agglomerations, which were the main 
initiators of the reaction. However, the authors themselves state that this assumption must 
be subjected to a more detailed test, as it goes against generally accepted claims [53,70, 71]. 
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3 ANALYSIS OF THE CURRENT STATE OF THE 
ART 

3.1 Evaluation of oxidation of magnesium and its alloys 
Magnesium generally has a high affinity for oxygen. It reacts naturally rapidly with oxygen 
to form MgO. The thickness of the MgO passivation layer is low and the mechanical 
properties of its connection with the a - Mg matrix are also generally low. In addition, 
the layer gradually disintegrates due to electrochemical corrosion, exposing the a-Mg 
matrix, which reoxidizes [53]. 
In the case of magnesium alloys, alloying elements also participate in the formation 
of the passivation layer. In the case of A Z alloys, it is aluminium to form AI2O3. This 
passivation layer is more stable and reduces the proportion of the anodic part in the a - Mg 
matrix [55], thus reducing the corrosion rate compared to pure magnesium. More corrosion-
resistant than A Z alloys are RE alloys, which also include the WE43 alloy. This alloy 
precipitates in the Mg-Nd-Y equilibrium ternary system to form phases such as MgnNd, 
Mgi4Nd2Y etc., which reduce the content of the cathodic phase in a-Mg [53, 61] and thus 
contribute to reducing the corrosion rate. At the same time, Mg3Nd a Y2O3 phases are formed 
in the passivation layer; they are more stable than MgO, and the degradation 
of the passivation layer slows down [72, 73]. In addition, yttrium has a higher affinity 
for oxygen than magnesium. For this reason, the Y2O3 phase is preferably formed instead 
of MgO. 
As a result of the passivation film, the corrosion rate of magnesium slows down and becomes 
almost constant until the critical temperature is exceeded. The critical temperature is 
somewhere in the range of 400-450 °C and may vary slightly for magnesium alloys. When 
the critical temperature is exceeded, the oxidation of magnesium starts to increase sharply 
[62]. There are several reasons. One of them is to increase the diffusion rate of M g 2 + cations. 
Furthermore, it is the gradual formation of a melt on the surface, which disrupts 
the passivation layer, creates cavities in the material and is generally more reactive due 
to the increased energy. Oxygen penetrates the material along grain boundaries and cracks 
in the passivation film. The formation of oxides below the passivation film leads 
to the gradual peeling of the passivation film particles and the exposure of other sites 
for the development of oxidation. 
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As the temperature rises above the critical limit, magnesium corrosion starts to increase 
exponentially. The reason is the gradual evaporation of the magnesium matrix. 
The accumulated vapours expand through the passivation film, which is broken. In the area 
where the sample surface is exposed to reactive vapours, violent oxidation can begin to form 
MgO and other compounds, which can lead to the formation of a flame. This is an exothermic 
reaction that continues to locally increase the temperature above the surface of the material 
[63, 64]. ]. The fact that it is necessary to reach at least the melting point of magnesium 
in order to form a flame proves that the occurrence of magnesium vapours certainly includes 
the burning of the flame. Evaporation of magnesium is a typical feature of its oxidation 
at elevated temperatures. An increase in temperature due to oxidation can lead to the self-
ignition of magnesium. The flame temperature of magnesium is in the range of 3000-
5000 °C. Extinguishing the magnesium material is difficult. Burning usually lasts until all 
the magnesium has burned out, or until oxygen is present. 
Based on these results, it can be stated that magnesium must be processed under an inert 
atmosphere. The S L M technology commonly uses nitrogen, or argon atmosphere. However, 
at elevated temperatures, magnesium has been proved to undergo nitriding [66]. Nitriding 
is an exothermic reaction during which the material is saturated with nitrogen. Nitride 
formation during the S L M process can lead to delamination of the layers, increase 
in porosity, inhomogeneity in the structure of the material. Chemical reactions that occur 
during the construction process can be validated from the powder process emissions [65] 
and, if necessary, the production conditions can be retrofitted. 
In general, it is necessary to produce magnesium and its alloys under an argon inert 
atmosphere that is more inert than nitrogen. However, the presence of the inert atmosphere 
does not completely prevent the oxidation of magnesium at elevated temperatures [32, 40-
42, 66]. ]. The oxygen bound to the powder material is released during melting and begins 
to react violently with the surrounding material and the released vapours. During the S L M 
process, the material is completely melted and many studies indicate that evaporation 
of magnesium is a common component of this process [33, 38, 44, 74]. For these reasons, 
an oxygen mist is constantly generated above the melt pool, which reacts with the vapours 
to form a black MgO mist. The resulting vapours fill the production space of the 3D printer 
during production [30]. To ensure the removal of process emissions and released oxygen, 
the process chamber must be under a constant flow of inert atmosphere. However, the gas 
flow increases the pressure in the chamber. Even a low value of the partial pressure increase 
will result in an increase of oxidation, as oxygen is pressed against the surface of the melt 
[65]. 
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Since the surface of the produced weld depositions is always covered at least in part 
by a layer of oxides, it is necessary to melt them at each subsequent pass in order to join 
the individual layers of material. In the case of insufficient energy, cracks and porosity can 
form at the layer interface The reason for their formation is the high melting point of oxides 
(2500-3000 °C) in the passivation layer (Mg3Nd, Y2O3, MgO, etc.) compared to the low 
temperature of 1091 °C, at which pure magnesium is evaporated. As a result, pores appear 
in the material due to non-melting of oxide layers or intense production of magnesium 
vapours. 
To summarize, magnesium must be produced in the argon inert atmosphere with a constant 
gas flow. The gas flow and its composition can be optimized to reduce the oxidation 
in the chamber. During production, the oxidation of magnesium produces vapours which 
must be removed from the melt pool. These vapours can defocus the laser beam. Oxidation 
during the production process cannot be prevented in the argon inert atmosphere without 
affecting the porosity of the manufactured parts. However, it can be partially controlled 
by selecting process parameters. 

3.2 3D printing of magnesium and its alloys 
During the processing of pure magnesium, a number of weld deposition tracks were 
produced. Their geometry and continuity were determined depending on the laser power 
and scanning speed. Thus, the initial region of linear energy density was determined, where 
pure magnesium is processable [40, 41]. Due to oxidation, the surface of the weld 
depositions was covered with molten powder particles, which reduced the surface quality 
of the weld depositions [40]. The concentration of oxides increased with increasing energy 
density [42], which corresponds to a higher rate of oxidation at higher temperatures [62]. 
Reducing the oxidation of weld depositions reduces the balling effect and surface tension. 
As a result, the weld depositions become wider and smoother [32]. In addition, the higher 
energy density led to the formation of larger grains, thus reducing their hardness. The use 
of a pulse laser mode led to the evaporation of magnesium rather than its melting. In contrast, 
the continuous laser mode melted the powder and the melt pool was stable. By preheating 
the build plate, a better connection of the weld depositions to the plate was achieved and 
their tracks were more continuous [32]. 
After the weld deposition test, a series of cubes were made to determine the porosity 
of the material [43]. The range of tested process parameters was P = 15-150 W, Vs = 50-
100 mm/s Hd = 100 urn, Lt = 30 urn. The best result was achieved with P = 90 W and Vs = 
100 mm/s. The relative density of the sample was 95 % and hardness was 46-52 HV. 
The time delay during the layers printing was also tested. This showed the greatest effect 
on the surface quality, which improved by up to 10 urn Ra. During the production 
of samples, the chamber was filled with magnesium vapour, which blurred the laser beam. 
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Another material processed was AZ91 magnesium alloy. Like pure magnesium, this alloy 
showed sensitivity to evaporation. The production of large series of samples is not possible 
without sufficient MgO mist extraction. Otherwise, the laser beam is blurred, which reduces 
the energy density of the melt pool, and porosity appears in the samples [30]. An energy 
density range (83-167 J/mm3) was found for AZ91 processing, where the process should 
operate continuously [30,44]. Several analyses have been performed to find the correct weld 
depositions spacing and to adjust the layer height [35,44]. The best result was obtained with 
parameters P = 200 W, Hd = 90 urn, Lt = 40 urn, Vs = 333 mm/s with 99.52 % relative 
density [44]. Cross-sections revealed that the depth of the weld deposition track is 312 urn, 
which leads to remelting of 6-8 layers. The trend of changing the geometry of AZ91 alloy 
weld depositions to change the process parameters was the same as in the case of pure 
magnesium, but the values were different for both materials. 

Volumetric samples were produced for the WE43 alloy. The aim was to find a combination 
of process parameters leading to the highest relative density of samples. Two methods 
of how to produce low porosity samples were presented. In both cases, the samples reached 
relative densities higher than 99 % [33, 38, 75]. The first method uses process parameters 
P = 90 W, Vs = 800 mm/s, Hd = 45 urn, Lt = 50 urn together with the remelting of already 
produced layer [33]. The second method continues to use higher laser power thus remelting 
5-7 layers [38, 75]. In both cases, the layers are remelted, but each time in a different way. 
The benefit of obtaining a higher relative density by remelting the layers was also observed 
by Wei et al. [44]. The relative density using the first method resulted in a porosity of more 
than 99 %. The second method shows a porosity better than 99.6 %. A closure of pores 
by isostatic hot pressing has also been tested [75]. However, the result was only the closure 
of large pores, the processing had almost no effect on small cavities. 
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Material Powder characteristics Type of machine 
Laser focus Laser power Scanning speed Hatch distance Layer thickness 

[um] [W] [mm-s"1] [urn] [urn] 

Mg [40, 41]* 

Mg [39] 

Mg [43] 

Mg-9%AI [30] 

AZ91D [36] 

WE43 [33] 

WE43 [33] 

Spherical shape, 
Distribution D 5 0= 25 um 

Spherical shape, 
Distribution D 5 0= 25 u.m; 
Plate preheating 120°C 

Spherical shape, 
Distribution D5o= 25.85 um 

and D50=43.32 u.m 
Mg non-spherical shape; 

Distribution D5o= 42 u.m; Al 
non-spherical shape; 

Distribution D 5 0= 17 u.m; 
Spherical shape, 

Distribution D 5 0= 30 um 
Spherical shape, 

Distribution D 5 0= 31 um 

Spherical shape 15-63 um; 
Plate preheating 35°C 

WE43 [38] Spherical shape 25-63 um 

Spherical shape 4-40 um; 

SLM of own 
production (Nd: 

YAG laser) 

SLM of own 
production (Nd: 
YAG laser pulse 

mod) 

EOS M280 (Nd: 
YAG laser) 

Realize 250 (Nd: 
YAG laser) 

(YRL-200 laser) 

SLM 125 (YRL-100 
laser) 

EOS M270 (Nd: 
YAG laser) 

AconityMini (YRL-
200 laser) 

600 

270 

100 

34-75 

100 

70 

9 0 

13-36 

8.9-17.7 

15-150 

10-110 

200 

20-100 

135-195 

200 

WE43 [49] Plate preheating 100°C 70 50-200 
SLM 125 (YRL-100 

laser) 
*Only weld deposition tracks produced 

10-200 

10-200 

50-100 

50 

166.6-1000 

100-10000 

800-1200 

700 

100-1600 

100 

80 

80 

15-120 

20-25 

40 

130 

500 

150-300 

30 

10-1000 

40 

50 

30 

30 

40 



Tensile samples were always built with the found parameters. In the case of the first 
production method, yield strength of 194 MPa, ultimate strength of 312 MPa and tensile 
strength of 14 % were reached [33]. The second method reached E = 45.7 ±1.5 GPa, Rm = 
306.0 ± 0.5 MPa, R E 0 , 2 = 296.3 ± 2.5 MPa and A 0 = 11.9 ± 1.3 % [38]. In the second method 
of production, a significant yield strength was also found. The impact pressure test was also 
validated for the second production method. Here, a strong dependence of the resulting 
mechanical properties on the porosity rate was evident [75]. 
The first structures were also built from WE43 material [74, 76]. The tests of structures were 
focused on biocompatibility with the human body, corrosion resistance, shape accuracy and 
mechanical integrity. The surface quality of the structure is poor here. On the contrary, 
biocompatibility, shape and pressure testing brought the desired results. However, 
the authors do not provide any details regarding the production of structures. 
An analysis of current publications shows that the processing of magnesium and its alloys 
repeats the same problems caused by the physical nature of magnesium and can be solved 
in similar ways. An overview of the ranges of process parameters used in individual 
publications is given in Tab 3.1. However, publications indicate that process parameter 
settings may not be applicable when being transferred to another production machine [34]. 
The reason may be a different design of the printers. The setting of the laser power has 
the greatest effect. When transferring the parameters, it is important to ensure that, in both 
cases, the laser has the same mode (continuous, pulse), beam profile (Gaussian, linear, etc.), 
focus and wavelength. The second important factor is the method of distribution of the inert 
atmosphere. The gas of the inert atmosphere not only removes process emissions from 
the melt site, but also cools the manufactured part. Therefore, it is important to know its flow 
profile, direction and intensity. For older machines, the distribution of the inert atmosphere 
was a problem node. Another parameter that can affect the transfer of process parameters is 
the way in which the pressure in the process chamber is monitored. Some machines only 
measure the partial pressure, others can change it by feedback adjusting the inert gas flow. 
One of the last important parameters is the preheating of the build plate. Some of them allow 
for the build plate to be heated only up to a certain limit, which can vary significantly. 
The type of 3D printer on which the tests will be performed is the S L M 280 H L first version. 
It is an older machine equipped with a 400 W Y R L fibre laser (k = 1.07 um) with a Gaussian 
profile, continuous mode, and 82 um focusing. The machine allows preheating of the plate 
up to 200 °C and control of the pressure in the production chamber. However, 
the disadvantage of the machine is the distribution of inert atmosphere. The process 
emissions discharge is insufficient, the inert gas flow is weak and, in the case of magnesium 
alloy processing, the machine chamber is rapidly filled with process emissions. In more 
advanced machines, the glass of laser is also protected by a flow of inert gas so that particles 
of flying powder do not stick to it. These problems are solved in the second version 
of the device, which is equipped with a more powerful pump of inert atmosphere and 
adjustment of its distribution. 
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Many tests based on the current state of the art have been performed on S L M systems of our 
own production, where the method of distribution of inert atmosphere is not described, or 
on more advanced machines from EOS GmbH. These machines provide the solution 
for the distribution of inert atmosphere and protection of laser glass in a more efficient way. 
However, the best results were achieved on the AconityMINI device. It is an S L M device 
that has been developed for laboratory purposes, especially for the processing of magnesium 
and its alloys. The inert atmosphere distribution was designed specifically for highly reactive 
materials that produce large amounts of process emissions. 
The WE43 alloy was successfully processed on three machines. One is EOS M270 [75], 
the other is AconityMINI [38, 76]. On these machines, WE43 is processed at increased 
power, which generates a large amount of process emissions in the machine chamber. Due 
to the improved distribution of the inert atmosphere, the process emissions are more 
efficiently removed from the machine chamber and do not blur the laser beam and do not 
stick to the protective glass. Another machine that has relatively successfully processed 
the WE43 alloy is the S L M 125 H L [33]. However, another processing method using a lower 
power and layer remelting had to be used here, as mentioned above. Due to the lower laser 
power, not so many process emissions that adversely affect the production process are 
generated in the machine chamber. 

3.3 Definition of main problems 
The requirements for a biodegradable implant are primarily its sufficient mechanical 
integrity and corrosion resistance. 
The presented search shows that most of the produced volumetric samples contained 
a number of defects and disintegrated under load. Their printing was hindered by the vapour 
barrier of the magnesium matrix, which is a natural phenomenon of laser processing 
of magnesium alloys. The printing methods described so far use different combinations 
of process parameters and approaches, while the question remains: what is the repeatability 
of printing? Often, a more detailed description of the printing strategy for achieving 
the stated results of the relative density of the samples is missing. However, these studies 
show that magnesium alloys can be processed with a relative density close to 100 %. 
To assess which 3D printer settings achieve the best results, it is necessary to understand 
the influence of individual process parameters on the production process of a chosen 
material. With defect-free material, such as porosity, shrinkage, etc., the geometry 
of the implant can be adjusted to achieve human bone-like properties (compressive strength 
of 130-180 MPa). At the same time, such material can be used for other types of analyses, 
such as determination of corrosion resistance, toxicity, mutagenicity, etc. 
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Magnesium and its alloys face low corrosion resistance. This is due to the inability 
of the material to maintain a compact passivation layer. However, the results from 
the studies dealing with the laser processing of magnesium alloys show that corrosion 
of the material can be significantly slowed down. Nevertheless, information on the corrosion 
behaviour of magnesium alloys processed by the S L M method is still missing. Magnesium 
and its alloys are subject to atmospheric corrosion, the rate of which is affected 
by environmental influences as well as the surface quality of the material. In addition 
to atmospheric corrosion, galvanic corrosion also takes place in the material between 
the individual intermetallic phases (cathodes) and the magnesium matrix (anode). Because 
of this joint action, the corrosion rate of magnesium alloys reaches such high values. 
However, it is not known which of these corrosion methods has a dominant effect 
on the overall corrosion rate. The corrosion rate limit for biodegradable implants was set 
at 0.5 mmyear"1 [69]. From among the conventional methods of processing of magnesium 
alloys, extrusion is closest to this value, when the corrosion rate of the material reaches 
the values around 1.5 mmyear"1. However, laser processing offers the opportunity to change 
the microstructure of the material and its surface quality. Volumetric samples produced so 
far using 3D metal printing are characterized by particularly poor surface quality. However, 
it should depend on the process parameters during production. Therefore, by their suitable 
combination, it should be possible to reduce the corrosion rate of the magnesium material 
and thus substantially improve the corrosion resistance of the material. 
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4 GOALS OF DOCTORAL THESIS 

The main goal of the presented doctoral thesis is to clarify the influence of process 
parameters and technological conditions on the corrosion behaviour of WE43 magnesium 
alloy produced by S L M method. The goal of the doctoral thesis was built on two scientific 
questions, which are based on the findings in Chapters 2 and 3. Working hypotheses to be 
tested during the work were created for these scientific questions. In order to obtain adequate 
answers to the scientific questions raised and to meet the main goal, it is necessary to develop 
the following sub-goals: 

• Explain the effect of laser power and scanning speed on the geometry and continuity 
of weld deposition tracks. 

• Explain the effect of laser power and scanning speed on the geometry and continuity 
of weld deposition tracks. 

• Determine the effect of laser power and scanning speed on surface quality. 

• Define suitable combinations of process parameters for printing volumetric samples. 

• Create samples with basic mechanical strength and relative density higher than 
99 %. 

• Create a basic microstructural description of S L M processed material. 

• Determine the corrosion rate of S L M processed material for different surface 
qualities. 

4.1 Scientific questions 

Q l . What influences most the final value of the relative density of the WE43 magnesium 
alloy? 

Q2. Is it possible to control the corrosion rate of the WE43 alloy processed by the SLM 
method by adjusting the process parameters? 
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4.2 Hypotheses 

HI. Achieving a relative density close to 100 % is difficult in terms of the physical 
properties of magnesium. Its proximity to the melting point (650 °C) and the boiling 
point (1091 °C) causes massive evaporation of the magnesium matrix during 
printing, which blurs the laser beam and adversely affects the print repeatability. 
With a suitable combination of process parameters, the energy that melts 
the material could be distributed in ways other than just using the laser power [77], 
which should help to reduce vapours and stabilize the process. 
The surface quality is directly dependent on the laser power and scanning speed. 
A combination of these two parameters affects the energy density used to melt 
the metal powder. Energy density determines the fact whether the metal powder will 
be fully or just partially melted. Thus, a suitable value of energy density can, to some 
extent, prevent the surrounding powder from fusing to the surface of the printed 
geometry [90]. 

H2. The surface of magnesium materials produced by SLM is prone to fusing 
of the surrounding powder. The fused powder is the main reason for the low surface 
quality and preventing it from fusing would significantly improve the surface 
of the material [69]. This would reduce the area that can be attacked by corrosion 
and significantly reduce its speed. 

4.3 Structure of doctoral thesis 
The presented doctoral thesis moves the issue of biodegradable implants forward. In order 
to achieve the required implant, it is necessary, in the first phase, to achieve a defect-free 
material with sufficient mechanical properties and good corrosion resistance. For this reason, 
the submitted thesis covers two main topics. The first one deals with the experimental 
development of a printing strategy to achieve 3D material with mechanical properties close 
to the human bone and a relative density close to 100 %. To achieve the set goal, linear and 
volumetric samples produced by different combinations of process parameters were 
gradually tested. The influence of the change of process parameters could be monitored due 
to the microstructural analysis of the produced samples. Here, the number and type of defects 
in the material and its chemical composition and distribution of intermetallic particles were 
monitored. This feedback allowed for a process mapping to describe the behaviour of the 
alloy using different combinations of process parameters. In individual phases of the work, 
the hardness of the material was monitored, which provided basic information on its 
mechanical properties. The compressive strength and three-point bending strength 
of the volumetric samples were monitored. These monitored properties were selected with 
respect to the loading of common bone implants. 

44 



After achieving these mechanical qualities, a second topic dealing with the corrosion 
resistance of 3D printed material was developed. As already mentioned, magnesium material 
is subject to both atmospheric and galvanic corrosion. By processing the material using the 
S L M method, the material surface quality and microstructure change, which also changes 
the corrosion behaviour of the material. The aim of this part of the work was to define 
the corrosion rate of 3D printed material and to try to reduce it as close as possible 
to the value required for biodegradable implants. To make the orientation in the topic clearer, 
the overall corrosion rate was viewed from two perspectives - atmospheric corrosion related 
to surface quality and galvanic corrosion related to cathodic phases in the microstructure 
of the material. A microstructural analysis of the volumetric samples provided a closer 
insight into the behaviour of the 3D printed material and a description of how the material 
corroded. At the same time, an analysis of the sensitivity of surface quality to changes 
in laser power and scanning speed was performed. Thus, the basis for improving 
the corrosion resistance of the material was obtained. Finally, corrosion tests of 3D printed 
material with different surface qualities in a simulated human body environment were 
performed to determine the corrosion rate of 3D printed material. 
The submitted PhD thesis was linked to the research project FV20232 - Biodegradable 
structured implants created by 3D metal printing. The project dealt with the basic processing 
of the WE43 alloy using S L M and the transition from the original volumetric seal of hip 
joint to its structured variant. The thesis solves several sections of this research project. 
During the work on the project, a closer relationship was established with the research group 
at the Czech Technical University in Prague and CEITEC in Brno, which participated 
in the project. Due to the multidisciplinary topic of the presented thesis, the results and 
conclusions were consulted with these colleagues. Within the cooperation, several joint 
articles were published mapping the main results of the thesise. 
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Suchy J, Horynová M , Klakurková L , Palousek D, Koutný D, Celko L. Effect 
of laser parameters on processing of biodegradable magnesium alloy WE43 
via selective laser melting method. Materials (Basel). 2020;13(11). 

- Materials MDPI - IF 3.623, Q2 
Autorovo přispění 65 % 

Article B 

Krištofova P, Roudnická M , Kubásek J, Paloušek D, Suchý J, Vojtěch D. 
Influence of Production Parameters on the Properties of 3D Printed 
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24;19:613-8. 

Manufacturing Technology Elsevier - SJR 0.254, Scopus 
Autorovo přispění 20 % 

45 



Article C 

Krištofová P, Kubásek J, Vojtěch D, Paloušek D, Suchý J. Microstructure of 
the Mg-4Y-3RE-Zr (WE43) magnesium alloy produced by 3D Printing. 
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5 MATERIALS AND METHODS 

5.1 Achieving the reqired mechanical properties of 3D 
printed material WE43 

As mentioned above, the PhD thesis moves the issue of biodegradable bone implants 
forward. In practice, these are most often checked for compressive strength and three-point 
bending strength, and their values should be as close as possible to the values of the bone 
they are intended to support. The generally stated mechanical strength of bone 
in compression and three-point bending for an adult reaches the order of 210 MPa and 180 
MPa. It is also necessary to mention that the internal structure of the bone is porous and each 
of the cavities has its purpose, as already mentioned in the introduction. From this point 
of view, it is important to control the geometric structure in the bone and it is not possible 
to rely on its uncontrolled distribution. The shape and distribution of the porosity in the bone 
will be controlled by the shape and density of the structured lattice. Therefore, it is necessary 
to achieve the material with a relative density higher than 99 %, which can be declared 
sufficiently homogeneous. 
The values against which the quality of the processed WE43 material was assessed are based 
on the above-mentioned values of strength and relative density. However, before 
the mechanical testing itself, it was first necessary to create a printing strategy 
for the volumetric material to achieve. Thus, it was necessary to start with linear samples 
and gradually switch to a volumetric variant. 
In the first phase of the tests, two series of linear samples were created. The first series 
contained weld deposition tracks created by different combinations of laser power and 
scanning speeds. The shape and continuity of the tracks were monitored using a profilometer 
and SEM. The aim of the experiment was to find combinations of process parameters 
at which the weld deposition traces were stable. This allowed us to create a process map that 
described the behaviour of weld deposition tracks in the context of linear density of energy, 
laser power and scanning speed. This provided the basis for combinations of process 
parameters that were used as input for testing volumetric samples. The effect of laser power 
on the chemical composition of the weld depositions and their microhardness was also 
monitored on the weld deposition samples. A chemical composition analysis was performed 
using EDS, and microhardness was measured by HV. This test served as initial information 
on the mechanical properties of the processed alloy and tested the sensitivity of the resulting 
microstructure to a change in the parameter that supplies the energy needed for melting 
to the material. From the presented hypothesis of SQ1, it follows that it is the high value 
of laser power that is probably responsible for the formation of Mg vapours and this will 
have to be reduced. 
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After the weld depositions tests, thin walls were produced with the same combinations 
of process parameters. Their width corresponded to the width of one weld deposition track. 
The continuity and width of the thin walls were monitored and compared with the weld 
deposition tracks. The width of the thin walls was measured on a cut perpendicular 
to the build plate using an opto-digital microscope. The recorded change in width should 
serve as a basis for the choice of weld deposition overlap to print the volumetric samples 
in future tests. The smallest manufacturable width of a stable thin wall was also identified 
during the test. This was additional information to help the successful transition from linear 
samples to volumetric samples. 
The next step was the transition from weld deposition to volumetric samples. To do this, 
several sets of cubes were made with different combinations of laser power and scanning 
speed from the found process window from the weld deposition test. The overlap 
of the hatches was based on the width of the thin walls and its value was always at least 
50 % to avoid the formation of pockets with unfused powder. The value of relative density 
determined on selected samples was monitored by the image analysis performed on cross-
sections of selected samples. A metallographic analysis also provided the information 
on the shape and position of defects in the material. Based on this, it was possible to evaluate 
the effect of changes in process parameters and gradually approach the optimal setting 
of the printing strategy. 

Also, the hardness value was monitored on the samples. Due to its simplicity and direct link 
to the mechanical strength of the material, it was possible to evaluate a large number 
of samples and monitor the trend of its change. The value of compressive and three-point 
bending strength was then monitored on selected samples. This was put into the context 
of microstructural analysis, where the material in the cast and extruded state was compared 
with the 3D printed material. It was possible to identify the main differences 
in the individual states responsible for the different mechanical behaviour. 
When processing the material, a new filtration system was gradually developed to ensure 
a better removal of magnesium vapours from the process chamber. After the construction 
and connection of the system to the inert atmosphere circuit, it was necessary to readjust 
the settings of the printing strategy. The reason was to achieve a higher efficiency of the laser 
beam by the reduction of the amount of vapour in the process chamber. The limit 
for completing the optimization was to reach a value of relative density close to 100 % with 
guaranteed repeatability of production. Thanks to these steps (Fig 5.1), it was possible to 
answer the first scientific question. 
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• Stability of the process • Weld deposit produced by • Shape of the weld deposit • Optodigital microscope 
different of LP and LS . Profilometer 

Fig 5.1 The summary of the method diagram for the first scientific question. 

5.2 Corrosion behaviour of material in simulated human 
body environment 

Another topic of the present thesis is the increase of corrosion resistance of 3D printed WE43 
magnesium alloy. With conventional processing methods, the corrosion rate of the alloy 
ranges from 1.5 to 3.6 mmyear"1, depending on the technology used. The lowest values are 
achieved by extrusion and, conversely, the highest ones by gravity casting. For the 3D 
printed material, the value of the corrosion rate in the salted simulated solution of the human 
body has not been determined so far. The corrosion rate requirement of biodegradable 
implants is 0.5 mm year"1 [69]. This value can be achieved by coating the surfaces using 
the methods such as plasma electron oxidation (PEO), etc. 
As mentioned above, there are two types of corrosion of magnesium materials - atmospheric 
and galvanic. Galvanic corrosion is related to the internal microstructure of the material, 
the distribution and size of the cathodic phases. These properties are given by the chemical 
composition of the alloy and its processing. Atmospheric corrosion is significantly affected 
by the chemical composition of the material, the properties of the corrosive environment 
and, last but not least, the surface quality. It was the surface quality of the 3D printed 
material that proved to be critically low, due to the surrounding powder fusing to the surface 
of the material during printing. However, the amount of fused powder should be affected 
by the surface temperature; therefore, it should be controllable by changing the process 
parameters. In this way, the corrosion rate of the 3D printed material should be reduced. 
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First of all, it was necessary to determine the influence of process parameters on individual 
types of corrosion. The surface quality of the 3D processed material, the change of which 
directly affects the corrosion rate, was selected as the monitored value for examining 
the sensitivity of atmospheric corrosion to the process parameters. For this purpose, a series 
of thin-walled samples was produced, the surface of which was scanned with an optical 
profilometer. Thin-walled samples were made by different combinations of laser power and 
scanning speed in correspondence with the process map dealing with the mechanical 
properties of the material. It was thus possible to evaluate the change in surface roughness 
in order to change these two main parameters. 

In the following phase of the tests, the microstructure of the 3D printed material was 
examined and compared with the cast and extruded state. This allowed to identify 
differences between individual states and establish their links with individual methods 
of technological processing. The microstructure of the materials was monitored 
on metallographic cuts using light microscopy. The EDS method was used to identify 
the intermetallic phases and their chemical composition. By examining the microstructure 
of volumetric samples produced by different combinations of process parameters, 
the microstructure sensitivity to grain size change, chemical composition, distribution and 
particle shape was monitored. Based on this monitoring, it was possible to decide to what 
extent the galvanic corrosion can be affected by changing the process parameters. 

In the last part of the thesis, an immersion test was performed to determine the corrosion 
rate of 3D printed material in a simulated human body environment. Several sets of samples 
with modified surface qualities were tested. This allowed us to determine the exact effect 
of surface quality on the corrosion rate of the material. In the context of the previous test 
of the surface quality of thin walls, it was possible to determine the effects of changing 
the laser power and the scanning speed on the resulting corrosion rate of the processed 
material. 

Before and after the corrosion test, the microstructure of the material was monitored to reveal 
how the material corroded. The size and orientation of the grains in the material structure 
were monitored by EBSD. The basic chemical composition of the intermetallic phases was 
determined by EDS, and their distribution and shape were monitored by SEM. The exact 
chemical composition of the individual phases and the composition of the passivation layer 
after the corrosion test were determined using the X R D method. The passivation layer was 
also observed by S E M to determine its width and compactness. The obtained results served 
as a basis for a discussion over the corrosion behaviour of 3D printed material. The 
methodology is shown on the scheme diagram (Fig 5.2). 
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What? On what? How? By what? 

Fig 5.2 The summary of the method diagram for the second scientific question. 

5.2.1 Powder analysis 
The powder entering the selective laser melting process has a significant effect 
on the production process itself. Therefore, it was necessary to validate its shape and 
distribution to determine the minimum thickness of the deposited layer. The particle shape 
was monitored and evaluated using a DSX510 opto-digital microscope (SEM). 
The required particle shape is predominantly spherical to achieve a uniformly deposited 
layer (Fig 5.3). The powder distribution was validated using a Horiba LA-960 laser 
analyser. 
The powder must contain a fine and coarser fraction to achieve a high density 
of the deposited layer. If the powder contains too large particles, it passes through 
a vibrating screen with the required permeability. 
The chemical composition of the powder was controlled by ICP-OES method. The chemical 
composition of the powder could thus be related to the metallographic phases formed during 
the S L M process. In addition, it was possible to control the quality of the recycled powder, 
which could be subject to degradation due to evaporation of the magnesium matrix during 
printing. 
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(a) (b) 

Fig 5.3 Powder distribution for 3D printing (a) and SEM photographs of particle shape (b). 

5.2.2 Sample printing 
A l l samples were produced on a S L M 280 H L device equipped with a YRL-400W laser with 
a Gaussian profile with a focus of 82 um and a wavelength of 1060 nm. The oxygen value 
in the production chamber was kept below 0.1 % by a constant flow of argon 5.0. Based 
on the state of the art, a build plate preheating of 120 ° C was chosen. The build plate was 
machined from WE43 alloy casting. The samples were produced directly on the build plate. 
The thickness of the deposited layers was chosen based on the analysis of the distribution 
of the input powder. 

Samples for the weld deposition test were made on magnesium strips attached to the grooves 
in the build plate using three M4 screws. The strips inserted in this way were removable and 
after the production of weld deposition samples, their cuts could be analysed without having 
to disrupt the build plate. The upper surface of the strips was aligned with the plane 
of the build plate for creating of the uniform powder layer. Weld deposition tracks were 
printed as contours of a rectangle with a floor plan of 10 x 2 mm. In this way, it was possible 
to evaluate the weld deposition tracks in and against the flow direction of the inert 
atmosphere. The thin-walled samples were one weld deposition track wide. Their floor plan 
was a rectangle measuring 10 x 2 mm and was identical to the floor plan in the weld 
deposition track test. Thin-walled samples were built to a height of 10 mm directly 
on the build plate. The volumetric samples were cubes of 8 x 8 x 8 mm. 
Thin-walled and volumetric samples were separated from the build plate with a band saw 
and an isopropyl alcohol-cleaned pad. 
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5.2.3 Geometry analysis of weld depositions and thin walls 
The weld depositions were printed on a build plate with strips made of WE43 alloy (Fig 
5.4). The weld depositions were printed in the direction and against the direction of the inert 
atmosphere flow. The weld deposition pairs were compared to determine the effect of inert 
atmosphere on the production process. The geometry of the weld deposition tracks was 
evaluated in two steps. The first step was the use of a ConturGT-X optical profilometer 
(Bruker Corporation, Billerica, M A , USA) to scan the height and width of the weld 
deposition track. When evaluating the height of the weld depositions, the data were adjusted 
with a Gaussian filter to eliminate waviness and inclination. The surface of the strip, 
on which the weld depositions were printed, was used as a reference plane. The resulting 
width and height of the weld deposition were determined as the average value from 
the measured weld deposition profile. The measurement error with an optical profilometer 
was 3 urn. 

The second analysis divided the weld deposition slice into halves. The slice was then 
embedded in resin and subjected to metallographic wet grinding (wetted in ethanol) 
and polished with diamond pastes of 3 and 0.07 urn. The resulting metallographic cut was 
subsequently etched by Nital to highlight the boundaries of the weld depositions. 
The sample thus prepared was observed with a DSX510 opto-digital microscope (Olympus, 
Tokyo, Japan) to determine the depth of the weld deposition. 

The obtained results were divided according to their similar behaviour into several 
categories, from which a process window for printing WE43 alloy was created. The linear 
density of energy (5.1) was used as a comparison value). 

where Lp is laser power [W], Ls is the scanning speed [mms1] and Lt is the thickness 
of the deposited layer [mm]. 

The width of the thin walls was determined from metallographic cuts in the same way as 
the depth of the weld depositions. The difference was in determining the overall width 
of the thin wall. This was defined as the average of ten measurements. 
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(a) (b) 
Fig 5.4 Scheme for determining the depth of the weld deposition from the metallographic cut (a) and a 

record of the measurement of the width and height of the weld deposition by the profilometer (b). 
In the upper left corner, see the build plate with inserted slices for printing the weld depositions. 

5.2.4 Measurement of surface roughness 
The surface roughness of the thin walls was measured on the side of the thin wall (Fig 5.5) 
with a ContourGT-X optical profilometer (Bruker Corporation, Billerica, M A , USA). 
The evaluated site had an area of 9x1 mm. Waviness and inclination were removed from 
the scanned data using Gaussian filters. Due to the amount of powder fused to the surface 
of the thin walls, part of the data was mathematically reconstructed in Vision6464bit 5.60 
(Bruker Corporation, Billerica, M A , USA) with a 5th degree polynomial. The total surface 
roughness was then evaluated according to Equation 5.2. 

(a) (b) 
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Fig 5.5 Example of scanned region and its evaluation (a) with ContourGT-X measuring device (b). 

5.2.5 Analysis of chemical composition and microstructural 

description 
The aim of the analysis was to clarify the processes that affect 3D printed material. 
The analysis of the chemical composition of the samples was always performed 
on metallographic cuts prepared by wet grinding with possible polishing with diamond 
pastes. The chemical composition of the samples was mapped by local EDS microanalysis 
(Fig 5.6) using a dispersion spectrometer (Oxford Instruments, Oxford, UK) , which was 
equipped with a T E S C A N L Y R A 3 X M H electron microscope. The voltage used was 20 kV 
and the beam intensity was set to 14. The measurement error was ± 0.5 at % depending 
on the atomic number of the analysed element. The analysis was used to identify the main 
elements that made up the individual phases in the material. 
The Rigaku SmartLab 3 kW X-ray diffractometer with a CuKa anode in BraggBrentano 
beam geometry was used to determine, in more detail, the chemical composition 
of the phases in the material. Diffractograms were evaluated using PANalytical X'Pert 
HighScore Plus software using 2012, COD 2011 and PDF 2 databases. 
The directionality of the grains in the material and their size were evaluated by electron 
backscattering diffraction (EBSD). Samples for this analysis were polished in a Leica TIC3X 
Ar ion polisher to remove any artificial surface deformation. EBSD data were acquired 
through an ED A X Digiview 5 detector in a 260x282 urn array with a 0.4 urn pitch between 
pixels in a hexagonal arrangement. No filtering was applied during postprocessing. 

Fig 5.6 Measurement of local chemical composition using EDS (a) and setting of measuring apparatus for 
EBSD method (b). 
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5.2.6 Hardness measurement 

Determination of hardness of the 3D printed material served to provide a basic description 
of its mechanical properties. The Duramin-100 AC3 hardness tester (Struers, Detroit, 
Cleveland, OH, USA) with fully automatic adjustment and a wide load range was used 
to classify the hardness of the weld depositions. Microhardness was measured 
on metallographic cuts in two series. The first one was made in the axis of the weld 
deposition, perpendicular to the build plate and the other parallel to the build plate just below 
the surface of the material. The hardness measurement method was chosen according 
to Vickers HV0.01. The aim of the method was to determine the influence of process 
parameters on the hardness of the material. 

The hardness of the samples for mechanical tests was tested with a Future-Tech FM-700 
hardness tester with a load of 100 g and the interval of 10 s. The measurement was again 
performed on a metallographic cut. The resulting hardness was determined as the average 
of ten measurements. 

5.2.7 Analysis of porosity 
Porosity was monitored on metallographic cuts of cubes produced by different combinations 
of process parameters. The choice of process parameters was made on the basis of previous 
tests and a critical search. The aim of the test was to find a combination of process parameters 
allowing to print samples with a relative density close to 100 % (Fig 5.7). 
Porosity in the samples was observed with a DSX510 opto-digital microscope (Olympus, 
Tokyo, Japan) on a cross-section perpendicular to the build plate. The evaluation was 
performed by image analysis (ImageJ, National Institute of Health) with a resolution 
of 3 um. From the evaluated data, a process window was subsequently created describing 
the relationship of the relative density of the samples to the change of selected process 
parameters. The volumetric density of energy (5.3) was chosen as a comparison value. 

Ev = 
Lp 

Ls-Hd-Lt' 
(5.3) 

where L p is the laser power [W], Ls is the scanning speed [ m m s 1 ] , H d is the hatch distance [um] 
and L t is the layer thickness [mm]. 
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(a) (b) (c) 

Fig 5.7 Development of defects in the material depending on the change of process parameters: (a) 
temperature cracks caused by a high temperature gradient; (b) porosity in the material caused by 
trapping superheated gas particles; (c) a sample with a relative density of 99.8 %.. 

5.2.8 Determination of compressive and flexural strength 

The aim of the test was to determine the basic mechanical properties of 3D printed material. 
Compressive strength and three-point bending (flexural) strength tests were performed 
on a universal loading device LabTest 5.250SP1-VM. The resulting strength curves were 
generated as the average of three measurements. The samples created for the compressive 
tests were separated from the printed sample and their size was 7x7x7 mm. The test was 
performed at room temperature with a strain rate of 0.001s"1. The samples created for the 
three-point bending test were separated from the printed sample and their size was 
3x5x18 mm. The bending force was applied at a distance of 10 mm from the sample 
attachment point. Mechanical tests were also performed on the samples of cast and extruded 
WE43 material. The obtained results were compared with the results of testing of 3D printed 
materia. 

5.2.9 Immersion test 

The purpose of the immersion test was to determine the corrosion rate of the 3D printed 
material depending on the surface quality of the samples. The immersion test also examined 
the resulting passivation layer and the main corrosion products. The reason was to clarify 
the way in which 3D printed material corrodes. 
A combination of process parameters was used to produce the samples, which reached the 
highest value of relative density. The test was performed on 12 samples divided into 
4 groups designated as-built, SiC120, SiC500 and SiC4000. The designation of the group 
corresponded to its processing before the corrosion test. The surface of the SiC120, SiC500 
and SiC4000 groups was ground (wetted with ethanol) with a suitable sandpaper, while 
the as-built group was in the untreated state. The samples were then cleaned in an ethanol-
filled ultrasonic cleaner for 10 minutes and stored with silica gel. 

During the immersion test, the hydrogen concentration was recorded to determine 
the corrosion rate according to [78, 79]. Hydrogen release during the test was possible as 
a result of the chemical reaction (5.4). Therefore, the test consists in collecting the released 
H2 and verifying its amount. Based on this measurement, the amount of dissolved alloy can 
be directly determined. 

Mg + 2H20 -> Mg$ + 20H~ + H2 (5.4) 
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The volumetric samples were placed in a corrosion cell filled with a solution simulating the 
human body environment (HSBF) with the temperature constantly maintained at 37 °C (Fig 
5.8). The amount of released Eb was directly deducted from the values designated 
on the burette. The chemical composition of the solution was not changed during the test. 
However, to compensate for the evaporation, the volume of the solution was kept at 400 ml. 
At the end of the test, the samples were rinsed in ethanol, dried, and weighed. 
The chemical composition of HSBF was prepared with chemicals of analytical purity 
(Lachner, Neratovice, Czech Republic) according to the ISO 11845 standard without 
the addition of glucose. The pH of the solution was measured before and at the end 
of the test. The corrosion rate was calculated according to the following relationship [79, 
80]: 

MrMg  

l9 D-A-t ' (5.5) 

where Hi is the amount of hydrogen released [ml], MrMg and MrHi are the molar masses 
of magnesium and hydrogen [gmol"1], D is the density of WE43 alloy [gmm~3], A is 
the total sample area [mm2] and t is the time of issue [year]. 

burette 

H, bubless 

Hank's solution 

X 

37 °C 

sample (WE43) 
funnel 

«— beaker 

Order Salt 
Chemical 
formula 

Amount 
(L- 1) 

1. Sodium chloride NaCI 8 

2. Potassium chloride KCl 0.4 

3. 
Sodium 

bicarbonate 
N a H C 0 3 0.35 

4. 
Potassium 

dihydrogen 
phosphate 

K H 2 P O d 0.06 

5. 
Disodium 

hydrogen phosphate 
dihydrate 

N a 2 H P 0 4 • 2 H 2 0 0.06 

6. Calcium chloride CaCI ; 0.14 

7. Magnesium 
chloride hexahydrate MgCI 2 - 6 H 2 0 0.1 

8. Magnesium sulfate 
heptahydrate 

MgSOv 7 H 2 0 0.06 

(a) (b) 
Fig 5.8 HSBF (b) Schematic representation of the capture of released hydrogen during the immersion test 

(a) and HSBF chemical composition table (b). 
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6 RESULTS 

Only the main results are referred to in the chapter. The full text of the results is summarized 
in the attached publications. 

6.1 Achieving the required mechanical properties of 3D 
printed material WE43 

6.1.1 Analysis of the shape and continuity of weld deposition tracks 
The first test focused on linear samples, which served as a basis for creating a strategy 
for printing volumetric samples. The weld depositions were produced in a wide range 
of laser power and scanning speeds. The range of laser powers and scanning speeds was 
100-400 W and 100-800 mms" 1 and 25 W and 50 mms" 1 respectively. By comparing 
the results from the measurement of the geometry of the weld depositions in the direction 
and against the flow direction of the inert atmosphere, no significant deviations in the shape 
and continuity of the weld depositions were found. For this reason, the work only considered 
the weld depositions formed in the direction of flow of the inert atmosphere. The results 
of this chapter are incorporated in Article A . 

The measurement results were gradually divided according to several criteria. One of them 
was the classification according to the value of linear energy with which the weld depositions 
were produced. This created three areas whose boundaries, however, partially intersected 
precisely because of the calculated values of linear energy density of (Fig 6.1). The first 
defined area (2.5-8 J mm"2) did not have sufficient energy density to form stable weld 
deposition tracks. The powder was only partially melted, and this often resulted 
in agglomerations of material that were not even fused to the build plate. In the case of fusing 
the powder to the build plate, a balling effect with a discontinuous weld deposition track 
occurred very often. The second area (13-80 J-mm"2) was characterized by wide and deep 
weld depositions. The melt pool was wide and unstable, which was reflected in the shape 
of the weld deposition tracks. The reason for this behaviour was probably the high value 
of linear energy. The third area (7-13 J-mm2) contained continuous weld deposition tracks 
with a stable shape. This was also reflected in the smaller range of the dimensions of the weld 
deposition tracks. 
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For complete knowledge of the geometry of the weld depositions, the depth of the weld 
deposition tracks was determined from the metallographic cuts. The width and depth of the 
weld depositions gradually decreased with decreasing value of linear energy density. From 
among the monitored process parameters, the laser power had a greater effect on the resulting 
shape of the weld deposition tracks (Fig 6.2). The behaviour of the depth of weld depositions 
from metallographic cuts corresponded to the observations on the optical profilometer. 

100 200 300 400 500 600 700 800 

Laser speed [mm/s] 
Laser power [W] 

• 100 W • 175 W X 225 W 1 275 W A 325 W O 375 \ 

H 125 W A 2 0 0 W O 2 5 0 W • 3 0 0 W • 3 5 0 W h 4 0 0 \ 

+ 150 W 

Fig 6.2 Dependence of the width of the weld depositions on the change of laser power and scanning 
speed. 
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The unstable area in Fig 6.1 deserves special attention. This area was more 
sensitive to changes in process parameters than other areas. Even a change of process 
parameters by one step significantly changed the behaviour of the weld deposition. 
The results from areas with high and insufficient value of linear energy mixed here. The melt 
pool behaved unstable. Many weld depositions showed melt spattering and subsequent 
solidification on the surface of the weld depositions (Fig 6.3). The height of the weld 
depositions was the least affected being changed only in the order of micrometres. 
The area with a high value of linear density of energy contained weld depositions with 
penetration even above 600 um and the largest widths of all areas. Several weld depositions 
in their root contained several pores, which reached a size between 50-75 um. Smaller pores 
appeared in weld depositions from the high-energy area quite often along the weld 
deposition boundaries. The spherical shape of the pores proves that it is probably a tapped 
gas (vapours). The area with laser powers of 300-400 W and 100-400 mms" 1 contained 
such irregular and deep weld depositions that it was no longer analysed in detail. 

The weld depositions from the perspective area reached a width of 200-250 um, a depth 
of 200-300 um and a height of 20-40 um. 

(a) (b) 
Fig 6.3 Key-hole porosity at the root of the weld deposition and smaller spherical pores along the weld 

deposition boundary (Lp 200 W, Ls 100 mms 1 ) (a) and unstable weld deposition (Lp 125 W, Ls 150 
150 mms 1 ) caused by melt spraying and its subsequent solidification. 
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6.1.2 Influence of parameters on chemical composition and 
microhardness of weld depositions 

Due to the initial estimation of mechanical properties, the microhardness of the weld 
depositions was checked. It was obtained as the average of all measurements on a given 
sample. The results were plotted against the linear density of energy and laser power (Fig 
6.4). The power of the laser was chosen because, from among the monitored process 
parameters, it showed the greatest influence on the behaviour of weld depositions and, 
at the same time, from the first scientific question it follows that it will have 
to be manipulated to reduce the amount of vapour generated during printing. 

(a) (b) 
Fig 6.4 Example of measurement of microhardness of weld depositions with highlighted weld deposition 

boundary (a) and plotted dependence of average value of microhardness on selected process 
parameters. 

At the same time, a metallographic cut of selected weld depositions was observed in order 
to find possible deviations in the microstructure. Therefore, the local chemical 
composition of the weld depositions was monitored (Fig 6.5Chyba! Nenalezen zdroj 
odkazu.). The microstructure of the weld depositions consisted mainly of coarse dendrites 
of the solidified solution. In the local areas, mostly in the corners of the weld deposition, 
it was possible to observe precipitated fine grains of eutectic based on M g - Y - N d alloy 
WE43. The weld depositions also occasionally contained Si compounds. The intermetallic 
phases found contained a large amount of trapped oxygen. By comparing the results 
obtained from different weld depositions, it was not possible to find any influence of the 
process parameters on the distribution, shape or merger of the phases arising in the 
material. Although WE43 contains a relatively high Zr content, its chemical compounds 
have not been found in the weld depositions. The results of this chapter are incorporated 
in Article A . 
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Fig 6.5 Internal structure of the weld deposition (Lp = 325 W, Ls = 650 mms 1 ) : (a) macro view and (b) 
agglomeration detail in the upper left corner of the sample. 

6.1.3 Comparison of weld deposition tracks and thin walls 
To obtain a more realistic idea of the weld deposition width when printing a volumetric 
sample, thin-walled samples were created in the area where the weld deposition tracks 
appeared to be stable. The thin walls were one weld deposition wide. However, this weld 
deposition was layered on top of each previous layer, thus achieving at least a partial 
remelting effect. This led to an increase in width. The values of the thin wall widths were 
subject to a large range of values due to the amount of powder fused to their surface. 
Nevertheless, on average, an 18 % increase in the width of the thin walls was observed 
compared to single weld deposition tracks. Although the width of the melt pool was 
increased for the thin walls, it was still subject to the same behavioural trend depending 
on the process parameters as the weld depositions (Fig 6.6). 
Due to the accumulation of heat in the material by remelting, the value of the energy density 
for printing a stable weld deposition (thin wall) was reduced from 7 Jmm" 2 to 4.5 Jmm" 2. 
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100 125 150 175 200 225 250 275 100 125 150 175 200 225 250 275 

Laser power [W] Laser power [W] 

Laser speed 450 mm/s Laser speed 750 mm/s 

(a) (b) 
Fig 6.6 Development of the difference in the width of thin walls and weld depositions depending on the laser 

power and selected scanning speeds: Ls 450 mm-s"1 (a) and Ls 750 mrrvs"1 (b). 

6.1.4 Printing of the volumetric samples 

The design of process parameters for printing of volumetric samples was based 
on the defined areas of the weld deposition and thin wall test. In the first phase, several 
series of volumetric samples were produced with different combinations of process 
parameters. The porosity and defects in the material were monitored on the cuts of these 
samples. Thanks to this, it was possible to evaluate the influence of the monitored process 
parameters on the behaviour of the material. However, printing of volumetric samples was 
accompanied by several problems. 
One of them was a relatively large number of process emissions that appeared during 
the print. The used filtration system did not manage to sufficiently remove the generated 
vapours, which led to the accumulation of black smoke in the process chamber of the 3D 
printer. Many of the samples produced contained defects observable with the naked eye 
(Fig 6.7). Other samples, despite a porosity value above 99 %, contained cracks that 
resulted in low strength values during loading. Unfused powder particles and, 
occasionally, also lack of fusion formed at the interface of the individual printed layers, 
were also found in the structure of the material. The increasing value of the volume density 
of energy led to a reduction of the mentioned defects in the samples. The lowest porosity 
rates (0.2 %) were achieved with Lp = 250 W, Ls = 450 mm - s"1 and Hd = 80 urn. However, 
the structure of this sample still contained a number of defects 
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Fig 6.7 Macrostructural studies of selected samples containing a number of defects (8 - Lp=250 W, 
Ls=450 rnm-s-1, Hd=80 um; 13 - Lp=250 W, Ls=700 mm-s 1, Hd=80 urn; 36 - Lp=275 W, 
Ls=450 m m s 1 , Hd=90 urn; 41 - Lp=275 W, Ls=700 m m s 1 , Hd=90 um). 

The samples thus produced were selected to measure hardness and compressive strength. 
The obtained results did not show a significant effect of process parameters 
on the hardness of the material, which is mainly due to the high temperature gradient 
during the printing process. 
Porosity in the material proved to be a significant factor influencing the compressive 
strength (Fig 6.8). By reaching the value above 1 %, the material lost much of its strength. 
The measured data prove the dependence of the samples on defects in their microstructure. 
The best strength values were achieved in a sample with a porosity of 0.2 %, while 
the worst ones were achieved in a sample with a porosity of 3.5 %. The overall testing 
results are summarized in the final table (Tab 6.1). The results of this chapter are 
incorporated in Article B. 

65 



Strain (%) 
Fig 6.8 Record of compression test measurements of 3D printed material WE43. 

Tab 6.1 Summary of results from initial measurements of hardness and compressive strength of volumetric 
samples. 

Sample 
Laser power [W] 
Scanning speed [mm-s1] 
Hatch distance [nm] 
Porosity [%] 
HV0.1 
Compressive yield strength [MPa] 
Ultimate commpressive strength [MPa] 

8 13 36 41 
250 250 275 275 
450 700 450 700 
80 80 90 90 
0.2 1.5 1.0 3.5 
88±6 85±6 86±6 81±7 
208 175 220 165 
395 296 386 261 

6.1.5 Internal structure of 3D printed material and its mechanical 
properties 

The samples with the highest relative density were divided, embedded in resin and 
subjected to metallographic grinding. The resulting cuts were subsequently observed with 
an electron microscope. Samples of cast and extruded material were prepared and 
evaluated in the same way. By comparing the results, differences in the microstructure 
of the material caused by different production methods were revealed (Fig 6.9). 
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(d) (c) 
Fig 6.9 SEM images of WE43 magnesium alloy cuts: (a) cast state; (b) extruded state; (c, d) 3D printed 

state. 

The cast material consisted mainly of a solid a-Mg solution and discontinuous 
interdendritic eutectic phases. The method of cooling the material in the cast state made it 
possible to achieve interdendritic phases with an average width of up to 50 urn. 
The dendritic phases contained M g - N d - Y compounds. The same compounds were 
observed in the extruded state. However, they did not reach such dimensions as they were 
disrupted by extrusion and pulverized into fine particles. The directivity corresponding 
to the direction of extrusion was evident on the particles. The microstructure of the 3D 
printed material consisted of a-Mg and interdendritic phases. Due to the rapid cooling 
process, the microstructure was very fine and the interdendritic phases reached an average 
width of only 3 urn. The microstructure of the 3D processed material was the finest of the 
examined states. However, the processed material contained a number of defects. Cut -
outs of spherical particles were observable, at the interface of which discontinuities were 
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formed with the remaining material; these were reflected in the overall porosity 
of the material. 
EDS mapping of cuts revealed a high richness of eutectic phases on RE elements and 
oxygen. The 3D printed material contained significantly more bound oxygen in the a -
Mg matrix compared to the cast and extruded state. Oxygen in the 3D printed material was 
bound mainly in the area of pores and welds (Fig 6.10). In the matrix of the material, 
oxygen was also excreted in the form of flakes, which were probably the remnants of the 
surface layer of oxides on the input material. This corresponds to the identified chemical 
composition on the surface of unfused particles inside the material. An example of such 
a chemical composition is given in Tab 6.2. 

Fig 6.10 EDS microstructure mapping of 3D printed WE43. 

Tab 6.2 Chemical composition (wt.%) of selected areas from Fig 6.10. 

Element O Mg Y Nd 

Point 1 11.62 65.56 2.86 3.51 

Point 2 0.25 94.96 2.31 2.48 

The obtained findings were used in the production of a new set of volumetric samples. 
Due to the large volume of vapours during the printing of the previous set, the number 
of samples on the build plate was reduced. At the same time, the laser power was reduced 
by 25 W to 225 W, even despite the obvious lack of energy density in the previous 
volumetric test. It was assumed that the insufficient energy density was due to a cloud 
of vaporized material that blurred the laser beam thus reducing its efficiency. By reducing 
the number of samples on the build plate and the laser power, the first steps were taken 
to reduce the volume of vapours generated during the printing process. 
Along with the 3D printed samples, a new set of cast samples was also produced. These, 
in turn, were used to compare and identify differences from the 3D printed state. 
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The microstructural description of the 3D printed and cast samples corresponded 
to the previous findings (Fig 6.11). The microstructure of the 3D printed material 
contained fine grains with eutectic phases with a width of about 3 um. More detailed EDS 
mapping revealed a dispersion of fine oxide particles randomly distributed 
in the microstructure. Due to this and the oxide shells of unfused powder particles, 3D 
printed material showed a significantly higher O2 value than the cast material. Compared 
to previous testing, the material contained a lower number of defects. The resulting defects 
most often took the form of lack of fusion rich in O2. 

[ iuteiden n m, 1 -'JI-.L | 

(a) (b) (c) 
Fig 6.11 SEM images of WE43 material cuts: (a) in cast state and (b, c) in 3D printed state. 

The microhardness test of the produced samples revealed a clear influence of the microstructure on the 
mechanical properties of the material. The test results are shown in a summary table ( 

Tab 6.3). 
Furthermore, the samples were subjected to compression and three-point bending tests. In both tests, the 3D 

printed material achieved higher ultimate strength values (by 30 MPa more than the cast state), but 
at the expense of deformation properties, as can be seen from the graphs (Fig 6.12). The resulting 
compressive and three-point bending strengths are given in the summary table ( 

Tab 6.3). The results of this chapter are incorporated in Article D. 
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Fig 6.12 Record of WE43 behaviour under mechanical loading: (a) in compression and (b) in three-point 
bending. 

Tab 6.3 Comparison of selected mechanical properties of WE43 alloy in cast and 3D printed state. 

Mechanical properties Casting 3D printing 
Compressive yield strenght [MPa] 204±34 229±20 
Ultimate compressive strenght [MPa] 387±26 416±40 
Flexural yield strenght [MPa] 119±2 145±8 
Flexural strenght [MPa] 208±20 212±9 

6.1.6 Modification of the inert atmosphere circuit 
For reasons of safety, machine protection and increased vapour release, the circuit in a 3D 
metal printer which distributed and filtered the inert atmosphere was modified. The reason 
for this was the large number of vapours that were generated during the printing of the WE43 
magnesium alloy and negatively affected the printing process. The resulting vapours had 
an adverse effect on printing repeatability, which was probably due to blurring of the laser 
beam. The resulting vapours also adhered to the protective glass of the laser, which could 
damage it (Fig 6.13). 

Fig 6.13 Deposition of evaporated powder on the protective glass of the laser when printing a large number 
of samples. 
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The first modification was to add another filter to the inert atmosphere circuit. Multi-stage 
filtration made it possible to capture the powdered condensate in several places and prevent 
it from accumulating in a single filter. The modification was designed so that in the case 
of ignition of one of the filters it could close its circuit and thus separate it from the process 
chamber with the magnesium powder. At the same time, the first filter had a higher 
permeability and served to capture only larger powder particles. The second filter was used 
to purify and capture the finest fraction of the powder. It was thus possible to keep 
the particularly highly reactive condensate (second filter) separated from a larger amount 
of condensate (first filter), which would feed the flame in the event of a fire. 
The current output of the pump was not sufficient for the perfect extraction of vapours 
from the production space of the machine; it was necessary to add a more powerful pump 
into the inert atmosphere circuit (Fig 6.14). This made it possible to achieve greater pressure 
in the chamber and to remove the vapours more efficiently. 

(a) (b) 
Fig 6.14 The original single-stage filtration system housed in the machine space (a) and a modified variant 

of the two-stage filtration system with a more powerful pump and process emissions extraction 
from the upper part of the production chamber (b). 

However, even this solution was not sufficient. By increasing the pump output above 35 %, 
the powder was entrained from the deposited layer. In addition, in the area of extraction, 
the vapours accumulated and rolled back into the process chamber along the side wall 
of the chamber. For this reason, a diffuser was added to the upper part of the chamber, which 
led the rolling vapours back into the filtration system (Fig 6.15). These adjustments helped 
to remove the vapours, but failed to remove them completely. 
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(a) (b) 
Fig 6.15 Scheme of inert atmosphere flow and rolling of magnesium vapours (a) and process emissions 

extraction by diffuser (b). 

6.1.7 Optimization of printing strategy 
In order to further reduce the formation of vapours, the process parameters for printing 
volumetric samples were corrected. The observations showed that the amount of vapour 
generated was directly proportional to the volumetric energy density for printing 
the samples. Therefore, the aim of the test was to reduce the number of vapours generated 
while maintaining the relative density of the samples above 99 %. After releasing most 
of the vapours from the production chamber, a sample production began to deal with uneven 
porosity distribution. The porosity in the part increased with increasing distance 
from the build plate (Fig 6.16). The shape of the pores was predominantly spherical, 
indicating the printing of a high energy density sample. The occurrence of porosity 
in the more distant regions from the build plate was related to deteriorating heat dissipation 
from the fused layer. To achieve constant temperature conditions for each produced layer, 
a time delay of 100s was included between the production of individual samples in order 
to prevent the accumulation of thermal energy in the samples and the removal of residual 
vapours in the production chamber. This modification of the production process led 
to an even distribution of porosity in the samples. 
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Fig 6.16 Porosity distribution in the sample (Lp = 250 W; Ls = 450 rnm-s1; Hd = 90 urn) after modification 
of the inert atmosphere circuit. 

Based on previous findings, laser power has been identified as the parameter that most 
affects the manufacturing process and was therefore likely to need to be reduced. In order 
to have enough energy in the melt pool to melt the powder, it was necessary to increase 
the energy value in a way other than through laser power. Thus, a series of thin walls was 
produced, on which the development of their width was monitored in relation to the change 
of process parameters (Fig 6.17). From the obtained results, a constant distance of weld 
deposition hatches was designed for printing volumes so that their overlap was always 
at least 50 %. 

125 150 175 200 225 125 150 175 200 225 

Laser power [W] Laser power [W] 
0 Ls 500 mm/s [T] Ls 600 mm/s f j Ls 700 mm/s [ ] Ls 500 mm/s 0 Ls 600 mm/s \~\ Ls 700 mm/s 

(a) (b) 
Fig 6.17 Development of weld deposition width depending on laser power and scanning speed: (a) in thin-

walled and (b) volumetric samples. 
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With such a fixed hatch distance, a porosity test was designed in the range of laser power 
of 125-255 W and scanning speed of 500-700 mms" 1. The observed value in the samples 
was the porosity in the plane perpendicular to the build plate (X-Z) . Observations of etched 
metallographic cuts revealed an average weld deposition depth of 0.48-0.8 mm. This 
corresponded to the remelting of 9-16 already solidified layers. This method of printing led 
to the formation of mostly key-hole porosity in the roots of weld depositions (Fig 6.18). By 
gradually reducing the volumetric energy density, the relative density of the samples reached 
99.48% (Fig 6.19). The results of this chapter are incorporated in Article E. 

_ * ^ 

Fig 6.18 Porosity in the structure of the samples in the plane perpendicular to the build plate (X-Z): 
(a) Lp=225 W; Ls=600 m m s 1 ; Ev= 83.3 J-mnr3, pause in printing 100 s, relative density 96.29 %; 
(b) Lp=175 W; Ls=700 m m s 1 ; Ev= 55.5 J-mnr3, pause in printing 100 s, relative density 99.48 %. 
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Fig 6.19 Dependence of relative sample density on laser power and scanning speed. 
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6.2 Corrosion behaviour of material in simulated human 
body environment 

6.2.1 Micro-structural analysis 

The first step in this part of the work was to determine how much the process parameters 
influence the microstructure of the samples. For this purpose, volumetric samples 
from different test phases and combinations of process parameters were selected. EDS and 
EBSD analyses were performed on the cuts of samples, which served as a basis 
for comparison of the examined samples. 
The microstructure of the samples consisted mainly of an a-Mg matrix. Randomly 
distributed particles of various shapes (floccules, needles, spherical,...) occurred 
in the microstructure. These particles were rich in RE elements (Fig 6.20). Their 
composition corresponded to the chemical composition of the WE43 alloy. The most 
commonly found oxides were Y and Nd compounds. The observed particles did not exceed 
a size of 5 um. However, several particles appeared in the microstructure, the chemical 
composition of which could not be determined due to their size. 

Directionality was also monitored in the material using EBSD (Fig 6.21). It was not found 
due to the chosen meander printing strategy with a rotation of 67 ° on each layer. Grain size 
was also observed (Fig 6.22). In the structure of the material, both large grains formed 
by the constant remelting of already solidified layers of powder and small grains around 
the boundaries of the weld depositions were found. The acicular shape of these grains 
indicates the direction of solidification from the centre of the weld deposition to its 
boundaries. By comparing the findings from previous tests, it can be stated that 
the microstructure of the samples was practically the same in terms of chemical composition, 
shape, size and distribution of particles. The only significant difference was in the relative 
density of the samples, the shape and the occurrence of defects. However, after reducing 
the amount of vapour during printing and reaching a relative density of 99.48 %, the samples 
behaved practically the same in terms of selected analyses and did not show sensitivity 
to changes in process parameters. The results of this chapter are incorporated in Articles C 
and E. 
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Fig 6.20 EDS description of the microstructure of WE43 alloy in the direction perpendicular to the build 
plate. The as-built sample was tested before the immersion test: (a) overview; (b, c) detail (SEM-

BSE); (d-h) EDS mapping of the selected region. 
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Fig 6.21 IPF map: (a) direction of powder application and (b) normal direction. 

Fig 6.22 Example of selected properties of material grains: (a) grain size and (b) circularity and highlighting 
of grain boundaries. 

6.2.2 Measurement of surface roughness of thin walls 
The second step was to clarify the influence of process parameters on the surface quality 
of the printed material. This behaviour was observed on thin walls produced with different 
combinations of laser power and scanning speed. 
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The amount of fused powder significantly reduced the surface quality and locally prevented 
the surface from being scanned with an optical profilometer. The obtained topological data 
had to be interpolated with a 5 t h degree polynomial to obtain a complete description 
of the surface. The obtained data were plotted against the laser power and scanning speed 
to explain their effect on the surface quality (Fig 6.23). It was clear from the observations 
that the increase in linear energy density led to an increase in the surface roughness. Again, 
it was confirmed that the laser power has a greater effect on the result than the scanning 
speed. The surface roughness Ra ranged from 34.2 to 61.3 um. The lowest surface roughness 
was achieved by a combination of 100 W laser power parameters and a scanning speed 
of 500 mms"1. From the given data, an equation was calculated to describe the observed 
surface behaviour (6.1), while its coefficient of determination was 97.68 %. The results 
of this chapter are incorporated in Article A . 
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Fig 6.23 Arithmetic dependence of the surface depending on: (a) laser power, (b) scanning speed. 

Y = 25.8767 + 4.062x - 0.1181x2 (6.1) 

6.2.3 Immersion test 
Findings from previous analyses showed a significant sensitivity of surface quality 
to process parameters. On the contrary, the microstructure of the material, and thus the shape 
and size of the cathodic phases, hardly changed with the change of process parameters. Due 
to the ability to significantly control the surface quality by changing the process parameters, 
the sensitivity of the corrosion rate to the surface quality was monitored during 
the immersion test. 
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The test itself was performed on several sets of volumetric samples. Prior to immersion 
in the corrosion solution, the surface roughness of all sample sets was measured: as-built 
(Ra 51.02), SiC120 (Ra 3.84), SiC500 (Ra 1.02) and SiC4000 (Ra 0.11). The Ra value was 
determined as the average of three measurements. Each set was tested for 168 h (7 days) 
(Fig 6.24). At the beginning of the test, an electrolyte appeared in all cross-sections sets 
between the sample surface and the aqueous solution, which increased the corrosion rate 
after the first 2 hours of testing. After another 7 hours, the corrosion rate gradually decreased. 
The as-built set, on the other hand, showed a different behaviour. Its corrosion rate 
accelerated slowly. However, after 21 hours of testing, the corrosion rate started to increase 
rapidly. This was matched by a large weight loss in the set. The average pH in the solution 
was 9.3, which confirmed the release of hydrogen due to alkalinization of the medium 
to form Mg (OH 2). 
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Fig 6.24 Corrosion rate of WE43 magnesium alloy in HBSS at 37 °C calculated from hydrogen released 

during testing for: (a) 168 h and (b) 7 h. The curves were obtained as the average of three 
measurements. 
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The as-built set was chosen for detailed corrosion layer testing due to the largest weight 
loss. The phase composition of these samples was monitored by X R D before and after 
the corrosion test (Fig 6.25). The test revealed mainly the phases of RE elements and Mg 
(OH2) in the samples that passed the corrosion test. A detailed analysis of the corrosion layer 
was performed by S E M (Fig 6.26). Regions where the samples corroded faster were 
identified, which led to pitting. Cracks were also found in the investigated passivation layer, 
which allowed for further corrosion propagation. Its EDS analysis revealed the presence 
of elements such as Mg, O, Y , Nd, P, CI, Na and Ca. The results of this chapter are 
incorporated in Article E. 
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Fig 6.25 X-ray diffraction field: (a) As-built sample before corrosion test and (b-d) As-built sample after 
corrosion testing in HBSS. 
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Element (wt.%) 
Position • 

Mg O Y Nd Si P CI Na Ca 
1 47.8 45.1 - - 1.2 1.0 4.4 - 0.5 
2 46.0 50.5 2.3 1.2 - - - -
3 43.3 49.6 4.2 1.7 0.5 - - - 0.7 
4 5.5 50.1 - - - 17.3 - 0.6 26.5 
5 12.9 51.8 - 1.4 - 15.2 - 1.0 17.7 
6 34.6 51.1 4.8 3.5 - 2.7 1.2 0.7 1.4 

Fig 6.26 Appearance of as-built sample after immersion corrosion test in HBSS: (a-c) sample morphology; 
(d-f) cross section of the sample and (g) table of local chemical composition. 
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7 DISCUSSION 

7.1 Achiev ing the required mechanical propert ies of 3D 
printed material WE43 

7.1.1 Analysis of the shape and continuity of weld deposition tracks 
The aim of the test was to define the value of linear energy with which the weld depositions 
had a continuous track with suitable ratios between their main dimensions. Based 
on the obtained results, a process map (Fig 6.1) was developed in a similar way as was used 
for weld depositions from other studies [81, 82]. 
The minimum linear energy for printing of continuous weld depositions was 5.5 Jmm" 2. 
By using smaller values of linear energy, the melt pool became unstable. Its collapse was 
due to surface tension. As a result, separate regions were formed where the melt existed but 
did not bond, as mentioned here [81, 83]. This led to an intermittent weld deposition track 
and a non-bonding of the molten material to the build plate. This phenomenon was observed 
on the weld deposits in the form of a balling effect. 
In the linear energy range of 5.5-15 J-mm"2, the weld depositions became continuous and 
uninterrupted. With increasing value of linear energy density, the depth of weld depositions 
increased to values of 300 um and more. By increasing the energy above 15 Jmm" 2, 
the magnesium material began to evaporate, forming a black mist, which has already been 
observed in other publications [84-86]. Laser blur due to vapours, the penetration of very 
deep weld depositions with root porosity and an unstable melt pool made this region 
unsuitable for further processing. 
The occurrence of vapours was possible due to the very close melting point (545-640 °C) 
and vapour (1090 °C) of magnesium alloys, and, conversely, due to the high melting points 
of oxides that occur on the surface of the atomized powder (Fig 7.1). Upon reaching 
the temperature of the melt pool to dissolve the passivation layer covering the powder, 
the magnesium matrix had already begun to gradually evaporate. Despite the low melting 
point of magnesium, it may be necessary to use higher energy values to melt oxides. Thus, 
a higher relative density of the samples is achieved by gradual remelting of the already 
solidified layers. A similar principle is used for aluminium alloys (melting point 550-600 
°C) due to their high reflectivity [87]. However, increasing the energy density also leads 
to an increase in magnesium vapours and it is necessary to find a suitable limit at which 
the material can be processed. 

(a) (b) (c) 
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Fig 7.1 Crystal lattices of oxides and their melting points (T): (a) AI203, T=2 072 °C; (b) Y203, T=2 425 °C; (c) 
MgO, T=2 852 °C. 

By comparing the results from the thin wall test with the weld deposition test, several 
differences were found. The width of thin walls and weld depositions was on average 
by 18 % larger. In addition, it was possible to print a stable thin wall with a linear energy 
density by 1 J mm"2 lower than in the case of weld depositions. These observations were 
possible due to the accumulation of thermal energy in the thin walls. The depths of the weld 
depositions corresponded to 3-6 deposited layers of powder, which results in constant 
remelting of already solidified layers. Thus, it is not necessary to supply the thermal energy 
captured in the material with a laser, but to replace it by changing other main process 
parameters. It would probably then be possible to print the material at a lower energy 
density, which should have a positive effect on the amount of magnesium vapour generated. 
Although the measured values of the thin walls were shifted, the trends of their changes 
corresponded to the findings from the weld deposition test. 

Major findings: 

• Alloy process window diagram identified on linear samples. 
• Dominant effect of laser power on the shape of weld depositions. 
• Increase in the thickness of thin walls compared to weld depositions on average 

by 18 %. 

• The depth of the weld depositions corresponded to 3-6 deposited layers of powder. 

7.1.2 Chemical composition and microhardness of weld depositions 
In the microhardness test, no significant differences were found between the microhardness 
of samples produced with different linear energy densities and laser powers. The reason was 
practically the same microstructure of weld depositions. The microhardness of the weld 
depositions depended mainly on the grain size. 
The microstructure of the welds was composed mainly of a-Mg eutectics and intermetallic 
phases eliminated mostly at the weld deposition boundaries. The low incidence 
of intermetallic phases may be considered undesirable. The low content of intermetallic 
phases can result in an increase in the internal stress of the material and can lead to its 
cracking. However, the test did not show any dependence of microhardness and chemical 
composition on laser power. As a result, it was possible to drastically reduce the laser power 
during the tests. 

Major findings: 

• The change in laser power and energy density did not affect the chemical 
composition of the weld depositions and their microhardness. 
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7.1.3 Defects in volumetric samples 
The limits of the investigated process parameters for the printing of volumetric samples were 
designed on the basis of the process window defined in the weld deposition test. 
The volumetric samples contained a relatively large number of defects related to insufficient 
energy density. This created lack of fusion in the material leading to delamination 
of the samples and other macroscopic defects. However, the lack of fusion showed 
directionality. They were formed due to the non-bonding of the individual deposited layers 
of powder. The layers of material could not be fused together for two reasons. The first one 
was the presence of oxides, typical of RE alloys on the surface of already solidified material. 
Thus, the complete fusion of the new material to the previous layer occurred only when 
the surface layer of oxides melted. However, due to the rapid solidification, the oxide layer 
did not have to be melted, but only disrupted by the thermal expansion of the material. Fine 
particles of not fully melted oxides, broken off from the surface of the material, then formed 
lack of fusion in the material. The second cause could be the presence of vapours 
in the production chamber. Their presence could blur the laser beam; it did not have to have 
the required energy density when it hit the surface of the material. This hypothesis was also 
confirmed by the increasing rate of defects in the material in the last printed samples, when 
the vapours had already accumulated in the production chamber. The formation of lack 
of fusion probably occurred through a combination of both phenomena. 
The resulting defects in the material did not have a significant effect on the hardness 
of the material, which indicates a stable microstructure throughout the sample. However, 
the porosity value in the material affected its compressive strength. Defects along 
the deposited layers related to their non-bonding mainly contributed to the porosity 
of up to 1 %. By increasing the porosity above 1 %, larger defects have already begun 
to appear in the material. Porosity up to 1 % had no significant effect on the compressive 
strength of the test material. The reason was probably the orientation of the samples during 
the pressure test. As the samples were loaded perpendicular to the lack of fusion, the cracks 
caused by them did not tend to open, but rather close. Even a large number of lack of fusion, 
which had a rather elongated shape, only slightly penetrated into the relative density 
of the material, in contrast to shrinkage and unfused powder particles. After that the samples, 
which contained a large number of lack of fusion but had a low porosity value, achieved 
higher values of compressive strength in contrast to the samples, which contained a relatively 
smaller number of defects but contributed more to the porosity value. 
The occurrence of lack of fusion also corresponds to the behaviour of energy density. Its 
increase made it possible to better melt the oxidized surface of the powder and thus fuse 
the material more consistently together. At the same time, the value of the energy density 
at the point of impact of the laser was increased, despite the blurring of the laser beam. 
However, the increase in energy density also led to an increase in the amount of evaporated 
material; therefore, the process chamber was filled with black smoke more quickly. When 
the amount of vapour became critical, the laser beam had already been blurred to such 
an extent that the manufacturing process was not possible. This confirmed the assumption 
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that the amount of evaporated magnesium had to be reduced. The parameter that most 
affected the manufacturing process and the presence of Mg matrix evaporation was laser 
power. 

Major findings: 

• Delamination of samples due to non-bonding of deposited powder layers. 
• By increasing the energy density, the material can only be partially fused together, 

as the higher input energy corresponded to a more massive evaporation 
of magnesium, which subsequently defocused the laser beam. 

• The directionality of lack of fusion did not show so much in the pressure test and 
the hardness of the material. 

7.1.4 Reducting the amount of vapour 
When printing the samples, their number was reduced to a minimum due to the accumulation 
of magnesium vapours in the production chamber thus avoiding a gradually increasing 
number of defects. However, despite the reduction in the number of samples, a considerable 
amount of smoke was released and started to accumulate again in the production chamber 
of the machine during printing. Nevertheless, in total, the amount of evaporated magnesium 
was less than in previous tests, which resulted in fewer defects in the material. The reduction 
in the amount of vapour did not have a significant effect on the shape or chemical 
composition of the resulting phases in the material. A lot of oxides still appeared in the 3D 
printed material, which was missing in the WE43 cast material. The size of the grains and 
phases corresponded to previous findings. The chemical composition of the phases in the 3D 
printed material was the same as in the cast material. The only difference was in the size and 
distribution of the particles. The reason was a different process of cooling the material and 
the way of supplying thermal energy. The distribution of particles in the 3D printed material 
was linked to the laser hatches, whereas, in the case of the cast material, a solidifying front 
was evident. 
The fine grain and a relatively homogeneous distribution of intermetallic phases in the 3D 
printed material was the reason for its higher strength and hardness. However, the 3D printed 
material suffered a relatively low deformation value compared to the cast material. One 
of the reasons was the fine-grained structure of the 3D printed material. However, as 
the grain size in the material increases, so does its toughness, which is directly related 
to the amount of deformation the material can withstand. Another reason was probably 
the binding of a large amount of oxygen to the 3D printed material. The formed oxides are 
characterized by their hardness, strength but, on the contrary, by their fragile behaviour. 
Their presence in the material probably increased the already low deformation properties 
of the material. 

Despite the presence of defects in the material and their directivity related to lack of fusion 
between the deposited layers of powder, the three-point bending strength was higher 
for the 3D printed material. The reason was probably the fine-grained structure, which better 
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resists the propagation of cracks and dislocations in the material. Therefore, the resulting 
crack in the 3D printed material needs a higher initiation stress for its propagation than 
in the case of a cast material. However, if the required initiation stress is reached, the crack 
will become brittle due to the low toughness of the 3D material. 

Major findings: 

• By reducing the amount of generated vapour, no differences in the chemical 
composition of the 3D printed material were achieved. 

• A significantly higher proportion of MgO appeared in the 3D printed material 
compared to the cast material. 

• A satisfactory reduction in the amount of vapour could not be achieved only 
by changing the process parameters 

7.1.5 Modification of the inert atmosphere circuit 

In order to generate a large amount of magnesium vapour in the production chamber, 
an inert atmosphere circuit was modified. Due to a more efficient flue gas extraction, 
a stronger pump was added to in the circuit. However, during its testing, limits related 
to other components in the circuit were found. Although the increase in pump output 
significantly helped to remove vapours, several phenomena occurred. 
The first of these was related to the entrainment of powder from the deposited layer. This 
led to a change in the layer thickness during printing, a change in the energy density 
with which the samples were printed. The inert atmosphere entered the production chamber 
through two openings (Fig 6.15). Most of the inert atmosphere flow entered the production 
chamber through the lower diffuser. The upper diffuser provided more mixing 
of the atmosphere in the chamber. The reason for the powder entrainment was the shape 
of the lower diffuser, which determined the direction in which the inert gas would 
be distributed to the production chamber. The shape of the diffuser entrained the inert 
atmosphere to the bottom plate of the chamber where layers of powder were deposited. 
Modifying this element could significantly help to reduce the powder entrainment and 
increase the pump output. Another modification that could help would be to add throttle 
valves to both inlets of the inert atmosphere. They could be used to control how the inert 
gas would enter the production chamber. 
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The increase in pump output also revealed shortcomings in the inert atmosphere outlet 
from the production chamber. The diameter of the pipe and its sharp transition at the outlet 
of the chamber led to the accumulation of vapours and their rolling along the side wall back 
into the chamber. For this reason, a second branch of the pipeline was built to extract vapours 
that began to roll along the side wall of the chamber. This branch was connected 
to the original pipeline before entering the filtration (Fig 6.14). By adding a diffuser 
to the second branch of the atmosphere outlet from the chamber, the efficiency of this branch 
was increased, but it was obvious that most of the vapours are discharged by the original 
branch. However, the process emissions in the process chamber have been reduced. 
Parallel integration of the second filter into a circuit with an inert atmosphere increased 
the circuit safety. The first filter had a higher permeability and served to capture the largest 
condensate particles. The second filter was designed to purge the inert atmosphere flow. 
Thanks to the parallel connection, there was no accumulation of condensate in the space 
of one filter. At the same time, the fine, more reactive condensate was separated from 
the coarser one, i.e. if the condensate ignites, the magnesium flame will not be saturated with 
other material. Both filters can be closed separately using valves and can thus be separated 
from the inert atmosphere circuit in the event of a fire. Two-stage filtration also made 
it possible to increase the life of both filters, due to the capture of condensate in two places. 
The parallel integration of the filters resulted in a higher pressure loss in the circuit, which 
had to be compensated by an increase in the pump output. 
Increasing the flow efficiency in the inert atmosphere circuit would be possible 
by straightening the individual branches. Replacing the pipes with stainless steel bellows 
would reduce pressure losses and increase the efficiency of the upper branches of the circuit. 
Another adjustment could be to filter the upper and lower output branches separately. This 
would prevent turbulence in the pipeline. The upper and lower branches would be connected 
immediately before the pump, which allows for the connection of even larger pipe diameters 
than those currently used in the circuit. 

Major findings: 

• Increased device safety. 
• Increased extraction of process emissions from the production chamber. 
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7.1.6 Optimization of printing strategy 

By improving the process emissions extraction, the use of existing process parameters 
in the samples began to reveal an uneven porosity distribution. The reason was the low heat 
transfer coefficient of the WE43 alloy, which was only 51.3 W m ^ K " 1 , which is about half 
(96 W-m^-K" 1) compared with aluminium. Gradual printing of the samples increased 
the distance of the melt pool from the build plate through which the material was cooled, 
and moreover, thermal energy accumulated in the material due to constant remelting. These 
two factors led to a gradual decrease in the temperature gradient and heat accumulation 
in the above layers of the sample. The spherical shape of the pores in the sample also 
corresponded to this finding. 

The accumulation of vapours in the production chamber worked against this phenomenon. 
With the printing of above layers, the amount of vapour in the chamber increased. They 
could not be fully discharged into the filtration system and the printing of higher layers took 
place at higher energy densities. As a result, the printing of higher layers generated a larger 
amount of vapour, and thus blurred the laser beam more, or a film of vapours began to form 
on the protective glass of the laser. Due to this and the large number of defects in the sample, 
the porosity appeared to be homogeneously distributed. After the integration 
of a new filtration system, the sample was no longer shielded by vapours, which resulted 
in an inhomogeneous pore distribution. This was solved by a time delay between printing 
the individual samples. The duration of this pause was 100s. but it did not undergo detailed 
optimization. This pause allowed for the material to be given the time needed to homogenize 
its temperature through the entire sample. In addition, the excess vapours were extracted 
during the time delay not creating a film of vapours on the protective glass of the laser. 
By observing the cross-section of samples, it was found out that 9-16 already solidified 
layers were melted during laser printing. In addition, the porosity that appeared 
in the samples was located mainly in the roots of the weld deposits. This phenomenon 
corresponded to a high density of volumetric energy [77, 88]. A gradual reduction 
in the energy density increased the density of the samples up to 99.46 %. The energy density 
was regulated mainly by reducing the laser power, because, from among the process 
parameters, it had the greatest influence on the production process [89]. 
Also, the difference was defined in the width of the weld depositions when printing thin 
walls and volumetric samples. These findings can be effectively used to optimize the laser 
path overlap when creating the printing strategy of volumetric samples. 

Major findings: 

• Print repeatability is ensured. 

• Relative density of processed material is 99.5 %. 

87 



7.2 Corrosion behaviour of the material in the simulated 
human body environment 

7.2.1 Micro-structural analysis 
A microstructural analysis revealed significant differences in the cast, extruded and 3D 
printed material. The 3D printed material contained the finest grain. This was possible due 
to the high temperature gradient during the S L M process. As a result, the cathodic phases 
were present in the material only in the form of a fine dispersion of particles rich in RE 
elements. These were homogeneously distributed in the material. The material also 
contained a number of defects, the origin of which was explained in previous chapters. 
The EDS analysis revealed a passivation layer of oxides along the boundary of lack of fusion, 
presumably preventing the material from bonding. The same layer was observed 
on the surface of unfused powder particles trapped in the structure of the 3D printed material. 
This indicates an oxidized surface of the input material from the earlier atomization process. 
In addition to the boundaries of the lack of fusion and the surface of the powder, small oxide 
particles were also abundant in a-Mg eutectics. This significantly increased the amount 
of oxygen trapped in the 3D printed material compared to conventional processing methods. 
Small oxygen particles probably served as nuclei during melt solidification, as has been 
observed earlier [38]. This corresponds to the size of oxides (up to 5 urn) and their random 
distribution in a - Mg. This behaviour, together with the high temperature gradient, probably 
prevented the formation of large Mg-Y-Nd intermetallic phases as in the case of the cast 
material. 
The microstructure of the 3D printed material consisted mainly of a solid solution of a - Mg, 
eutectic phase of MgO and randomly distributed floccules rich in RE elements. The phase 
that was most contained in the microstructure was MgO and its occurrence can be explained 
in two ways. The first one is the presence of residual oxygen in the printer's production 
chamber due to the purity of the inert gas [65]. The second one was related to the release 
of residual oxygen from the passivation layer of the powder material. It is known that 
the solubility of O2 in pure Mg is below 1 at %. Oxygen is released from the powder during 
the manufacturing process as part of the vapours of the magnesium matrix. However, 
previous findings [63], reported that the combustion reaction is not sufficiently fast 
to prevent magnesium-rich vapours from reaching the surface and, subsequently, diffusing 
into the material. The oversaturated solid Mg - Osoiution on the surface of the material 
precipitated according to the following equation (7.1). 

Mg- Osoiution = Mg + MgO (7.1) 

Oxygen that was not burned or diffused into the surface of the material was extracted via 
a circuit of inert atmosphere. For this reason, the oxygen content in the chamber increased 
during printing and had to be corrected by a constant flow of argon atmosphere. The MgO 
compact film could not be formed because the material underwent repeated remelting, which 
divided the compact film into small particles distributed in the microstructure of the material. 
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Alloys rich in RE elements form strong intermetallic phases with cathodic behaviour, which 
significantly increase their corrosion rate [56]. However, in the case of 3D printed material, 
they occur in much smaller sizes and thus contribute to galvanic corrosion of the material 
to a lesser extent. The material also contained fine needles, which were located 
at the boundaries of the weld depositions and corresponded to the direction of melt 
solidification. Si02 particles were also found in the material, which could increase 
the corrosion rate of the tested samples, although X-ray diffraction did not reveal 
the presence of Mg2Si phase. Probably, Si has already entered the samples with the input 
powder. 

Major findings: 

• The reason for the increased amount of enclosed oxygen in the structure of the 3D 
printed material has been clarified. 

• The average size of the intermetallic phases in the material was up to 5 urn. 

7.2.2 Surface quality analysis 
The surface roughness of the measured thin walls was affected by several factors. One 
of them was the balling effect, which occurred in the samples printed in the energy range 
of 2-4 J-mm"2. This region could be easily avoided by changing the process parameters. 
The other factor was the amount of powder fused to the surface of thin walls. From 
the obtained data, it was evident that the printing with a high energy density led 
to the enlargement of the melt pool, which affected a larger amount of the surrounding 
powder that was subsequently fused to the surface of the sample. Similar findings were 
observed with the titanium alloy Ti6A14V [90]. On the contrary, reducing the energy density 
to a minimum so that the balling effect has not yet started to appear has proved to be a way 
of how to achieve the lowest Ra values. The last significant effect on the surface quality was 
the oxidation of WE43 alloy. Despite keeping the oxygen value in the production chamber 
below 0.1 % with a constant flow of Ar 5.0, it was not possible to prevent the oxidation 
of the melt; this has already been stated by many authors [32, 40-42]. The formed oxides 
adhered to the surface of the samples in the form of tiny balls, which negatively affected 
the surface roughness. 
From the graphs (Fig 6.23) it was evident that the surface roughness can be significantly 
affected by the choice of process parameters. After creating a strategy for printing volumetric 
samples, it would be possible to use the obtained data and to include a printing 
of the contours in the printing strategy. The process parameters of contours have been 
to be different from the volume. For example, the sample surface can be printed with lower 
energy density to achieve a better surface without any post-processing operations. 

Major findings: 

• The surface quality of the material can be significantly influenced by the choice 
of process and technological parameters, of which the laser power has the greatest 
impact. 
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• Reduction of surface roughness from Ra 61.3 to Ra 34.3 using laser power of 100 W 
and scanning speed of 500 mms"1. 

7.2.3 Immersion test in HBSS 
During the immersion test, a different behaviour was observed in the as-built set compared 
to the ground sets. The difference was due to the surface quality and the different passivation 
layer, which was different at the beginning of the test in the compared sets. While the surface 
of the ground sets contained predominantly MgO, because the ground samples were only 
in contact with dry air, only a few hours before the beginning of the immersion test. A film 
was formed on the surface of the samples which did not exceed 3 nm in thickness (according 
to the M g - A l binary diagram) and could be easily damaged by corrosion. This corresponded 
to the observed rapid increase in corrosion rate in the first two hours of the test. 
Subsequently, the rate increase slowed down and stabilized due to the formation of a new 
passivation film. 
In contrast, the as-built passivation film probably contained Mg (OH)2 because the samples 
were exposed to atmospheric moisture during post-processing. The Mg (OH)2 film forms 
a more compact layer than MgO [91]. Thus, at the beginning of the immersion test, 
the samples were more protected from corrosion by a more robust passivation film; 
therefore, the increase in corrosion rate was slower. However, these compounds 
are metastable and do not provide full passivation of the alloy [92]. Therefore, after 
overcoming the initial passivation layer, the corrosion rate began to increase rapidly in direct 
proportion to the surface quality of the samples. A significant increase in the corrosion rate 
after overcoming the initial passivation layer was caused by splitting the fused powder 
particles from the surface of the samples. This was reflected in the weight loss 
of the samples, from which the corrosion rate was calculated. 

The maximum corrosion rate of biodegradable implants was set at 0.5 mmyear"1 [93]. 
Therefore, it is clear from the obtained results that it is not yet possible to achieve 
the required corrosion rate by simply changing the process parameters, although they can 
significantly affect the overall corrosion behaviour of the alloy. To achieve a lower corrosion 
rate of the 3D printed material, it would be necessary to use post-processing operations. 
For example, a reduction in corrosion rate below 0.5 mm year"1 can be achieved by surface 
treatment by plasma electrolytic oxidation (PEO) [69]. 
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8 CONCLUSION 

The presented PhD thesis deals with the processing of magnesium alloy WE43 by S L M 
technology with the main goal to clarify the influence of process parameters on the corrosion 
behaviour of 3D printed material. The proposed goal was chosen with regard to the currently 
solved problems related to the application of biodegradable implants and it has been 
achieved. 
The PhD thesis summarizes the most important results from previous studies dealing with 
the oxidation and processing of magnesium alloys using laser technologies, especially S L M 
technology. From the mentioned studies, hitherto undescribed places were defined and 
the main issues related to this topic were described. The objectives of the presented work 
were compiled from the above findings. To meet the main goal of the thesis, scientific 
questions were asked and hypotheses were developed for testing. The thesis was divided 
into two main parts; the results were published in several scientific articles. The thesis is 
a compilation of the author's published results. The first part of the thesis was devoted 
to the material with a relative density close to 100 % and its mechanical properties 
are similar to human bones. To this end, a number of tests were performed. The first one was 
the definition of a process map of the WE43 magnesium alloy, which showed the behaviour 
of the weld deposition tracks depending on the laser power, scanning speed and linear 
density of energy. Geometry, stability and continuity were monitored on weld deposition 
and thin-walled samples. Furthermore, an initial test of the chemical composition 
of the weld deposition track and the sensitivity of its microhardness to changes in laser 
power was performed. Phenomena arising from samples due to changes in process 
parameters have been described, substantiated and placed in the context of other 
publications. This part of the tests was published in the journal Materials (MDPI, IF 3.623). 
A summary of the most important results can be referred to in several points: 

• Linear energy for printing stable weld depositions was defined in the range of 5.5-
12 J m m 2 (Fig 6.1). 

• Layering weld depositions on top of each other increases their width by 15-17 %, 
which can be used effectively when setting the overlay of weld depositions 
in printing the volumes. 

• Layering weld depositions on top of each other decreases the linear energy necessary 
to print stable weld depositions of ca. 1 J-mm2, the reason is accumulation of thermal 
energy in the sample due to remelting 

• A change in laser power and scanning speed did not affect the microhardness 
and chemical composition of the weld depositions (Fig 6.4). 
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The goal of the second test was a transition from linear to volumetric samples. The results 
of the influence of process parameters on the formation of defects in volumetric samples, 
the microstructure of 3D printed material and its basic mechanical properties were gradually 
presented in scientific articles. 

The first results were related to the number of defects in the produced volumetric samples. 
Their origin was related to the used combination of process parameters, the change of which 
significantly changed the relative density of the material. In addition, the impact of some 
defects seemed to be more dominant than others. This was verified by a hardness and 
compressive strength test. The results were published in Manufacturing Technology 
(Elsevier, SJR 0.254) and can summarized as follows: 

• The choice of process parameters significantly affects the relative density 
of the samples. 

• During printing, there appears a large amount of vapour that fills the production 
chamber. 

• Due to the type of testing, the defects in the material did not fully manifest 
themselves. 

The second results were achieved in the microstructural analysis. We managed to create 
a basic microstructural description of 3D printed material and compare it with the cast and 
extruded material. The differences were discussed. The largest differences were found 
in grain size and intermetallic phases in the material. There was also a difference 
in the distribution of phases in the structure of the material, which corresponded 
to the technologies used. A significantly higher proportion of captured oxygen in the form 
of MgO was also found in the microstructure of the 3D printed material. The results were 
published in Manufacturing Technology (Elsevier, SJR 0.254) and are summarised as 
follows: 

• The 3D printed material has the finest grain from among the above-mentioned states. 

• Significantly more O2 was bound in the structure of the 3D printed material 
compared to other states. 

• The chemical composition of the intermetallic phases remained unchanged. Only 
their size and layout have changed. 
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The third series of results related the results from the microstructural analysis and 
mechanical testing. The 3D printed material contained discontinuities between the layers 
of deposited powder and unfused powder particles. The formation of defects was caused by 
insufficient energy density to melt the surface layer of oxides on the input powder. 
In addition, the increase in energy density led to a massive evaporation of magnesium, 
which blurred the laser beam. An oxide layer was found both at the boundaries of the lack 
of fusion and on the surface of the unfused particles. However, despite these defects, the 3D 
printed material achieved higher compressive and three point bending strength than the cast 
material. The reason was a very fine microstructure of the 3D printed material. Nevertheless, 
the fine-grained structure significantly reduced the possibility of deformation properties 
of the 3D printed material due to the large number of grain boundaries that prevent 
the movement of dislocations. The results were published in the Defect and Diffusion Forum 
(ScientificNet, SJR 0.240). The results can be summarized as follows: 

• Defects in the material were caused by massive evaporation of Mg during printing 
and a passivation layer on the surface of the input powder. 

• 3D printed material achieved higher compressive and three-point bending strength 
than cast material due to fine-grained microstructure. 

From previous results, it was clear that the quality of the production process is severely 
limited by the evaporation of magnesium. This led to a number of defects in the 3D printed 
material and variance in the repeatability of the results. In these respects, the existing inert 
atmosphere circuit has been improved to be able to better take the process emissions away 
from the 3D printer's production chamber. Improvements included a multi-stage filtration, 
the creation of a new exhaust branch fitted with a diffuser for more efficient vapour 
collection, and the integration of a more powerful pump in the circuit. The improvement 
of the circuit reduced the amount of process emissions accumulated in the production 
chamber. However, after several tests of the new circuit, several new ideas arose of how 
to further improve the circuit. The current solution and its further improvement were 
discussed. The reduction in the amount of process emissions in the production chamber led 
to a new behaviour of the produced samples; therefore, the production process had to 
undergo further optimization. 
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The third and final series of tests in this section dealt with the optimization of the production 
of volumetric samples and the corrosion behaviour of 3D printed material. Due to the low 
heat transfer coefficient of the WE43 alloy, there was an uneven distribution of porosity 
in the samples. Thus, a time delay in the production process allowed to homogenize 
the temperature conditions inside the sample. As the laser beam was no longer blurred by 
vapours, the energy density for printing the samples was gradually reduced. The energy 
density level to melt the powder has so far been maintained mainly by laser power. As part 
of the optimization, the laser power was significantly reduced and its role was partially taken 
over by the increase in the overlap of the weld depositions. The reason was the different 
influence of process parameters on the production process, which was described in the first 
part of the thesis. These changes resulted in a sample relative density of 99.46 % with very 
good repeatability. Some of the results were published in the Journal of Manufacturing 
Processes (Elsevier, IF 5.01) and can be summarized as follows: 

A change in the width of a single weld deposition compared to the weld deposition 
in the volumetric sample has been defined (Fig 6.17). This laid the foundation 
for optimizing the overlap of weld depositions when designing a strategy for printing 
volumetric samples. 

• A relative density of volumetric samples close to 99.5 % was achieved with very 
good repeatability (Fig 6.19). 

Thanks to the achieved findings, it is possible to formulate an answer to the first scientific 
question and verify or falsify the proposed hypothesis: 

Q l . Magnesium evaporation during the printing process is a natural phenomenon related 
to the physical properties of magnesium. The biggest problem preventing 
the achievement of the material with a relative density close to 100 % are the newly 
formed magnesium vapours, which blur the laser beam and complicate the process. 
The evaporation process cannot be completely avoided, but it can be limited 
to a tolerable level. 
Low energy density printing is an important factor. With its increasing value, 
the evaporation becomes more intense. Due to the different weight of the process 
parameters in the energy equation (5.3), it is necessary to increase its value 
by increasing the hatch overlap rather than increasing the laser power. The energy 
delivered to the melting site is then not concentrated in one short peak, which causes 
intense evaporation. 

Since the magnesium alloy printing process will always generate a certain amount 
of vapour, it is necessary to adjust the inert atmosphere circuit so that it is sufficient 
to entrain vapours and not allow them to accumulate in the production chamber. This 
can be partially offset by a post-sample time delay, which will replace the imperfect 
exhaust during printing, but will significantly prolong the manufacturing process. 
Hypothesis HI was thus confirmed. 
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The second part of the PhD thesis dealt with the corrosion behaviour of 3D printed material 
with the aim to determine what impact the parameters have on the corrosion rate 
of the processed material. The corrosion acting on the magnesium alloy was divided into 
two parts. The first one was related to the behaviour, distribution and size of the cathodic 
phases within the material, and operated on a galvanic principle. The second one was related 
to the overall surface of the material; i.e., the surface that could be subject to atmospheric 
corrosion. From this point of view, the tests were divided into two groups. The first one dealt 
with the sensitivity of the microstructure of the 3D processed material to the changes 
in the main process parameters while the second one examined the sensitivity of the surface 
quality also to the changes in the process parameters. 

In the first phase, the microstructure of the 3D printed material was described. The results 
were related to the microstructure of the cast and extruded material. This helped to reveal 
the most important differences typical of all three processing methods. The microstructure 
of the 3D printed material contained very fine grains associated with a high temperature 
gradient during the printing process. The main component of the microstructure was the a -
Mg eutectics and randomly distributed flocculation phases rich in RE elements. Their size 
was up to 5 urn. Compared to other states, a significantly larger amount of trapped O2 also 
appeared in the material, most often in the form of MgO. The reasons for O2 presence were 
analysed and explained. No sensitivity of the microstructure to process parameters was 
observed during the tests. Although their significant change was evident 
in the microstructure as the boundaries of the paths of laser passes, they did not affect 
the size or number of intermetallic phases. There was no difference in the hardness test 
of materials processed with different combinations of process parameters. Some 
of the results were published in the Journal of Manufacturing Processes (Elsevier, IF 5.01) 
and Manufacturing Technology (Elsevier, SJR 0.254) and can be summarized as follows: 

• The reason for the increased O2 content in the microstructure of the 3D printed 
material and the reason for its accumulation in the production chamber during 
production were explained. 

• Low sensitivity of the microstructure to the changes in process parameters 

The second phase dealt with the dependence of the surface quality of the material 
on the change of process parameters. The test was performed on a series of thin-walled 
samples where the laser power and scanning speed varied. The results plotted in the graph 
show a significant impact of process parameters on the amount of powder fused 
to the surface. The obtained results showed the dominant effect of laser power 
on the production process. The obtained results were summarized in the equation describing 
the achieved surface roughness Ra for the specified laser power and scanning speed 
with a coefficient of determination of 97 %. These results were published in the journal 
Materials (MDPI, IF 3.623) and can be summarized as follows: 

• A significant dependence of the surface quality of the magnesium alloy 
on the change of process parameters, mainly laser power, was found. 
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• An equation has been defined for estimating the surface roughness depending 
on the process parameters used (6.1). 

The last phase of the work focused on corrosion testing of a 3D printed alloy in a simulated 
human body environment. The corrosion rates of the alloy were determined for different 
surface qualities to clarify the effect of surface quality on the resulting corrosion rate. Based 
on the previous results, it is possible to estimate how the corrosion rate of the processed 
material changes with a change in the laser power and scanning speed. Compared 
to the original surface quality ranging between Ra 50-60, its improvement below 
Ra 40 showed a decrease by ca 30 %. At the same time, the passivation layer was analysed 
in detail, which provided the basis for explaining the corrosion behaviour of the alloy. 
The results were published in the Journal of Manufacturing Processes (Elsevier, JE5.01) and 
can be summarized as follows: 

• The corrosion rate for different surface roughness was determined (Fig 6.24). 
• The principle of disturbing the passivation layer in connection with the observed 

corrosion behaviour was explained. 

Thanks to the achieved findings, it is possible to formulate an answer to the first scientific 
question and verify or falsify the proposed hypothesis: 

Q2. When an excessive amount of energy density is used, the melt pool begins to widen 
and affects a wider environment. This leads to the fusion of a larger amount 
of surrounding powder to the surface of the samples and increases the roughness 
of their surface. Increasing the laser power contributes significantly 
to this phenomenon. Conversely, increasing the scanning speed makes the melt pool 
smaller, which reduces the amount of affected surrounding powder and reduces 
surface roughness. The results are graphically summarized (Fig 6.23). The corrosion 
rate of the material is directly proportional to the surface quality. By interpolating 
the curves from the graph (Fig 6.24) it is possible to predict a change in the corrosion 
rate for the observed controllable range Ra by a value close to 30 %. The second 
hypothesis (H2) was also confirmed. It was observed that the better the surface 
quality achieved, the more effectively it reduced the corrosion rate. However, even 
with a surface roughness of Ra 0.11 (ground surface), a corrosion rate 
of 2.11 mm year"1 was achieved and it is still necessary to use post-processing 
operations such as PEO for biodegradable implants. 
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The presented PhD thesis focused mainly on the flawless processing of magnesium alloy 
WE43 and its corrosion behaviour. The reactions of the processed alloy to the changes 
in the main process and technological parameters were clarified. Furthermore, the higher 
occurrence of the MgO phase in the 3D printed material compared to conventional 
processing methods was explained. A different weight of process parameters in the energy 
equation was proved, the modification of which reduced the amount of vapour produced 
during printing. The influence of the surface quality on the corrosion rate of the 3D processed 
material was also proportionally expressed. The corrosion rate of the material was 
determined for different surface qualities and the way in which the material corrodes was 
explained in detail. 
The topic closely related to the topic of the thesis is a detailed description of the influence 
of cathodic phases in the microstructure of the material. However, in the thesis, this topic 
has not been dealt with in detail. The original estimates assumed that the corrosion rate would 
be reached at the level of the extruded material, which was not confirmed during testing. The 
difference is probably due to the significantly higher amount of oxygen bound in the 3D 
printed material in the metastable MgO phase and the distribution of the above - mentioned 
cathodic phases. Here the author sees an opportunity to build on the submitted PhD thesis. 
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11 LIST OF SYMBOLS AND UNITS 

A mm 2 Total sample area 
C A D Computer Aided Design 
D gmm 3 Density of alloy WE43 
E J mm"3 Energy density 
E B M Electron Beam Melting 
EBSD Electron Backscatter Diffraction 
EDS Energy dispersive spectroscopy 
Ei J-mm"2 Linear Energy Density 

Ev J-mm"2 Volume Energy Density 

H 2 ml Amount of Hydrogen released 
H d urn Hatch Distance 

HIP Heat Isostatic Pressing 
H V Vickers Hardness 
ICP-OES Inductively Coupled Plasma Optical Emission Spectrometry 

ig mm year"1 Corrosion Rate 

Lp W Laser Power 
Ls mm-s"1 Laser Scanning speed 

L, urn Layer Thickness 

Mr H 2 g-mol"1 Molar Weight of Hydrogen 

M r M g g-mol"1 Molar Weight of Magnesium 
PEO Plasma Electrolytic Oxidation 
Ra um Surface Roughness 

RE Rare Earth Elements 
S E M Scanning Electron Microscope 
S L M Selective Laser Melting 
t year Time of exposure 
X R D X-Ray Diffraction 
Y R L Ytterbium Fiber Laser 
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