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Zusammenfassungen

Die weltweite Forschung an metallischen Glasern wird von den Versprechungen ihrer einzigartigen Eigenschaften
angetrieben. Metallische Glaser werden aufgrund ihrer hohen Festigkeit, guten Korrosionsbestindigkeit und hoher
Elastizitat als die Materialien der Zukunft bezeichnet. Jedoch sind metallische Glaser noch nicht weit verbreitet, da
sich aufgrund der notwendigen schnellen Abkiihlrate derzeit nur sehr kleine Teile herstellen lassen. Daher sind die
additiven Fertigungsverfahren wie das Elektronenstrahlschmelzen (EBM) ein idealer Losungsansatz um diese
Grenze zu iiberwinden. Bisher gibt es lediglich Untersuchungen zum Einfluss eines Elektronenstrahls auf fertige
metallische Glaser. Jedoch wurde noch keine ausfiihrliche Forschung zur Herstellung massiver metallischer Glaser
(bulk metallic glasses, BMG) mittels Elektronenstrahl durchgefiihrt. Um zukiinftig BMGs herstellen zu konnen, ist
eine systematische Untersuchung der Verfahrensparameter des EBM-Prozesses notwendig. Im Rahmen der
vorliegenden Studie wurde ein amorphes Metallpulver auf Zirkon-Basis mit unterschiedlichen
Elektronenstrahlparametern versintert und die Prozessergebnisse charakterisiert. Die Ergebnisse zeigen den
Einfluss des Energieeintrags des Elektronstrahls auf die Verarbeitbarkeit des amorphen Metallpulvers und die
Sinterqualitit des Sinterkuchens.

The global research on metallic glasses is driven by the promises of their unique properties. They are considered a
material of the future due to their high strength, good corrosion resistance and high elasticity. However, metallic
glasses are not yet widely circulated, because the necessary high cooling rate can only produce small parts.
Therefore, the additive manufacturing processes such as electron beam melting (EBM) might be able to overcome
this limit. So far, there has only been research on the impact of the electron beam on bulk metallic glasses. There
have been investigations of electron beams on amorphous metals but no direct generation of bulk metallic glasses.
However, there has not been extensive research on the manufacturing of bulk metallic glasses (BMG) by the means
of electron beam melting. In order to manufacture BMGs in the future, a systematic investigation of the process
parameters of EBM is necessary. In this study an amorphous metal powder, based on zirconium, was sintered with
different electron beam settings and the process results were characterized. The results show the influence of the
energy input of the electron beam on the processability of the amorphous metal powder and the sinter quality of the
sinter cake.

1. Introduction

Material processing has always been intertwined with the machine technology. Conventional machines were able to
process materials such as metals in a satisfying way. However, there are limits to those conventional manufacturing
processes. Such limits can be seen in the processing of amorphous metals, also known as metallic glasses. Therefore,
a new technology like the additive manufacturing technology can further improve material processing. Electron
beam melting (EBM) is such an additive manufacturing technology that has promising functionalities. Bulk metallic
glasses (BMGs) exist in a wide range of alloy systems. Compared to conventional metals and alloys, metallic glasses
show superior physical and chemical properties due to their amorphous structure. The fabrication of such alloys also
promises materials with outstanding mechanical properties [1] [2] [3]. Therefore, they are considered as candidates
for the next generation of structural materials [4]. BMGs have, for example, been reported to exhibit extremely high
strength, high thermal stability, hardness and high corrosion resistance [5]. However, BMGs are difficult to
manufacture due to relatively high required cooling rates for amorphous solidification. Zr-based glassy alloys, for
example, show good glass forming abilities at relatively low required cooling rates. Therefore, an amorphous metal
powder consisting of the elements zirconium (Zr), copper (Cu), aluminum (Al) and Niobium (Nb) was used and
processed by electron beam melting. Thereby, the main objective is to set up a reliable process for sintering and
melting with the EBM system. Zr-based BMGs have already found applications in the industries only three years
after their invention [6] [7]. However, the achievable size of BMGs with solidification techniques is still quite small
with diameters of only a few centimeters [8]. This limits extensive practical applications of BMGs. There have been



successful results in welding, brazing and surface modification of amorphous metals with an electron beam [9] [10]
[11]. However, generating large sized components from amorphous metal powder with EBM has not yet been
successfully realized. In order to overcome this limitation, the development of appropriate manufacturing
techniques is imperative. Additive manufacturing processes should be a good alternative. In this case the electron
beam melting technology provides a good alternative.

For a stable electron beam melting process the powder is required to be sintered before fully melting the material.
The sintering process needs to be to a degree in which the particles are anchored to each other but also without
losing its morphological integrity. This is due to the fact that the residual sintered powder needs to be recovered in
order to reuse it in the future. Parameters such as energy input, focus and scanning velocity control the sinter
process.

The aim is also to further understand the correlations between applied scan velocity, energy input and focus offset in
regard to the material properties of the metallic glass.

However, to find feasible parameters for the EBM process with this material, the parameters need to be adjusted in
order to avoid process defects. Therefore, as a first step a sintering process needs to be carried out in order to
mitigate or rather eliminate such defects. The sintering process is an integrated function within the EBM process to
densify the loose powder in order to create a better structure for thermal and electrical conductivity. Figure 1 depicts
the sintering process that occurs during the build.
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Figure 1: Different stages of sintering two spherical particles [13]

Theoretically, the electron beam melting can be divided into six main factors of influence that are presented in Table
1. The results of the EBM are dependent on the interaction of many parameters, whereas the impact of the
parameters varies. The properties of the part are mostly determined by the beam current and diameter as well as the
scan speed and the scanning direction. Besides the beam current and scan speed the layer thickness is also
considered as critical parameter.

Table 1: Influencing factors of the electron beam melting process [14]
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It is known from literature that the results of EBM are affected by three main process defects. In order to obtain a
stable sintering and melting process with EBM the defects are excluded by using matched parameters. The typical
defect characteristics are outlined below.

One of the most common defects by EBM is spreading or pushing of the powder material. Immediately after hitting
the powder bed by the electron beam the particles are accelerated and lifted up from the start plate explosively. This
leads to a spreading of the particles across the building chamber and consequently to the abortion of the experiment.

The actual build-up process can be described as follows. First, the built chamber is heated up to a certain
temperature to improve the build-up process. The powder is fetched from the powder hopper by a rake and a thin
layer of powder is spread over the start plate. Afterwards, the powder is preheated by a defocused electron beam
with comparatively low beam current and high scan velocity to sinter the powder slightly. That helps to hold the
material in place during the melting process and to provide an even temperature distribution within the powder.
This process occurs cyclic until the build is finished.
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Figure 2: High speed photographs illustrating spreading of a single powder layer [15]

Furthermore, a phenomenon of delamination describes the result of a lack of micro connections between two
adjacent layers. This may happen either during the construction process or after completely cooling of the part.
Residual stresses encounter and remain inside the part, while it is in equilibrium with the environment. If there is no
equilibrium it may cause delamination or deformations.

Another process defect can ensue during the melting process. If the powder material is not molten sufficiently with
the previous layer, a formation of melt drops (“balling”) occurs. This is recognizable as spherical powder mergers on
the surface. By this melt drops the finish quality is reduced.

The aim of this study is the processability of an amorphous metal powder with an EBM system.

2. Materials and Methods

For the experiments, a spherical pre-alloyed gas atomized amorphous powder with a composition of
Zr70Cu24Al4Nb2 and a mean particle diameter of d50 = 65 um was used. Figure 3 shows scanning electron
microscope (SEM) images of the powder.

The system used for the experiments was the EBM A1 from the company Arcam AB, Sweden.



Figure 3: SEM image of the amorphous zirconium alloy powder

In order to enable a stable construction process of the Zr70Cu24Al4Nb2 powder alloy with a d50 of 62um a design
of experiments was conducted. This is an experimental parametric approach to obtain a stable and reproducible
process with the EBM system. The method of the parameter variation was an iterative process.

At first, the parameter settings were chosen in order to establish a process that shows little to no defects. For the first
test run the following parameter settings were chosen without heating the start plate and layer thickness of 125um:

o Scan speed of 12 m/s,
« Beam current of 20 mA
« Focus offset of 80 mA

The first test series was for a general evaluation of the used parameters and the results were evaluated visually and
classified into “loose”, “lightly sintered” and “completely sintered” categories. Based on this classification the further
progress of the experimental series was by narrowing down the parameter settings. Depending on the experiments
the beam current was varied by 2 mA or the scan speed was varied by 2 m/s. As long as no sintered network of the
particles was present the test series continued resulting in three further test series with different variations in scan
speed as well as beam current.

The examinations of the samples were performed with the scanning electron microscope (SEM) “Merlin” from Carl
Zeiss (Oberkochen, Germany).

3. Results and Discussion

Initially, the samples were assessed visually to get a first impression of the strength of the particle sinter cake.
Represented samples are shown in Figure 4.

Figure 4: Effect of increasing the energy input either by increasing the beam current or by decreasing the scan speed,
left: loose powder, center: lightly sintered powder, right: completely sintered powder

As depicted in table 2, test series 1 shows the influence of the scan speed on the sintering result with a constant beam
current of 20 mA. Whereas in the test series 2 and 3 the scan speed remains constant at 8 m/s and 12 m/s while the
beam current varies, accordingly.

After the initial test run, a systematic and iterative process was carried out with variations in the parameters scan
speed and the beam current.

Table 2: Parameters of test series 1, 2 and 3 (macroscopic classification of the sintering results (1) loose powder, (2)
lightly sintered powder, (3) completely sintered powder)
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Already from the rough macroscopic assessment of the samples, a strong dependence of the sintering results from
the above-mentioned parameters can be seen. The numbers (1) to (3) in Table 2 provide information on the
macroscopic classification of the sintering results. To assess the microscopic structure, scanning electron
micrographs of the samples from test series 1 are shown in Figure 5. The red circle shows patches of fully sintered
powder within the loose powder bed.

Figure 5: SEM images of test series 1 (constant beam current of 20 mA), left: scan speed of 12000 mm/s (sample 1),
center: scan speed of 8000 mm/s (sample 2), right: scan speed of 6000 mm/s (sample 3)

Figure 6: Sintering process of test series 2 (8m/s, 22mA) with particles still intact

In considering the SEM images of test series 2, which was performed with a scan speed of 8000 mm/s, marked
morphological changes are visible. While in sample 2 the particles are still mainly loose (Figure 6), the particles get
connected by increasing the beam power (Figure 7). It can be seen that the individual particle contours are not
clearly visible anymore. This suggests that the intermediate sintering stage been exceeded. However, by narrowing
down on the used parameter setting, a reliable sintering process of this alloy could be found.



Figure 7: Sintering process of test series 3 (12m/s, 32mA) with lost morphology of particles

The parameter study resulted in a sinter cake that was densified enough for a stable energy input without spreading
or rather pushing the particles. However, it was detectable that the applied powder layer was not uniform, leading to
a tear-off of the layer. A reason could be found in the different sized particles. When passing larger particles with the
rake, these particles get moved and consequently defects are formed. A schematic example is shown in Figure 8. If
the differences between the particles is less this effect is rarely observed. Furthermore, the electron beam settings
could also be the cause of a layer tear-off, if enough energy can’t reach the former layer in order to connect with the
successive layer.
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Figure 8: Defect in powder layer caused by larger particles

At a layer thickness of 250 um, which corresponds to the maximum particle diameter, the effect of unconnected
layers is enhanced. Even more energy is necessary to bind the powder layers together. However, more energy can
counteract with the production of metallic glasses.

Furthermore, the powder contained many particles that had gas inclusions. These gas inclusions are originated by
the gas atomization of the alloy. When the particles are heated up, the gas expands and the outer shell bursts. Thus
the surrounded powder is moved by the explosive gas emission and the powder layer is destroyed. This failure can
result in spreading of the powder or delamination. Figure 9 shows two examples for busted particles are presented.
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Figure 9: Gas inclusions that lead to busted particles by gas emission

However, despite the many obstacles of the process, parameter settings for a reliable sintering process of this alloy
were established and a sinter cake with a thickness of 5 mm was created. By macroscopic examination of the sample
interconnected layers were recognized. Even in the corners the layers were bonded together, as seen in Figure 10.
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Figure 10: left: Sintered powder cake (parameters: Table 3), right: SEM image of the sinter cake

4. Conclusion

The adjustment of the parameter settings is restricted by the requirements of the amorphous metal powder. During
the first sintering experiments the influence of three main parameters of EBM (beam current, focus offset and scan
speed) on the processability of the metal powder was examined. It was revealed that the strength of the beam power
and the scan speed is directly associated to the degree of the sintering of the amorphous metal powder.

In order to achieve a stable melt process with the EBM, a sufficient sintering process needs to be established to a
certain degree without losing the amorphous structure. In order to find a stable sintering process, the influences of
the process parameters such as beam current, focus offset, number of scan repetitions, and preheat-temperature on
the sinter results need to be investigated in a parametric study. The scan speed, as well as beam current was chosen
to be investigated. The parameters were adjusted iteratively. Consequently, parameter settings for a reliable
sintering process of this alloy were established.

However, this study has shown that the sintering process still needs some adjustment to reach an optimization.
Analysis such as x-ray diffractometry (XRD) and differential scanning calorimetry (DSC) can provide crucial
information to better understand the mechanisms behind the parameter settings and the resulting thermal effects
on the material. Throughout the investigation the process became more volatile when identical parameter settings
led to different sinter results. Due to these results a chemical modification of the powder, caused by an unknown
factor, is most likely present. Therefore, an oxygen analysis will be performed.

Further investigation needs to be carried out in order to fully understand the process and to create a stable process
for manufacturing bulk metallic glasses with the electron beam technology.
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