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Abstract
The increased use of electromobility due to ecological and financial motives confronts many enterprises and scientific commu-
nities with new challenges. The future viability of this technology is, among other things, depending on the electric range and on
the purchase price of the electric vehicle. In addition to research work in the field of battery technology, the automotive industry is
focusing on the reduction of the overall weight, the production complexity, and the production costs in order to increase fuel
consumption and the range of electric vehicles and, moreover, tomake electromobility more affordable. Due to the favorable ratio
of strength and dead weight, aluminum die casting parts provide, in combination with the appropriate joining technology, the
required preconditions for lightweight construction. The die casting process allows a large-scale manufacture. In the present
study, the welding of the aluminum die casting alloy AlSi10MnMg, which is frequently used in automotive engineering, is
investigated using the electron beam in atmosphere. At that, different casting quality scenarios are set with the aid of the die
casting process and the robustness of the joiningmethod is investigated with regard to die casting imperfections. The analyses are
based on results of mechanical and chemical test methods.
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1 Introduction

Automotive manufacturers are under increasing pressure to
reduce CO2 emissions while, at the same time, reducing pro-
duction costs. Lightweight construction offers the correct so-
lution. The die casting process brings about a further possibil-
ity to produce complex components made of hardenable alu-
minum alloys and allows reduction of costs and weight.
Aluminum castings are found predominantly in the fields of
chassis, engine, and gearbox production. However, less

safety-relevant components are increasingly manufactured
by die casting. High-quality die casting is not required for all
spare parts. Varying components involve different require-
ments. These requirements provide an additional possibility
to reduce production costs [1].

For this, however, a joining process is necessary which is
robust against casting imperfections and has high reliability. In
addition, the process should be characterized by a high level of
flexibility and efficiency. The objective is to use a low-cost join-
ing technique for joining high volumes of low-cost die cast parts.

This paper is focused on the possibilities of the electron
beam in atmosphere (NV-EB) for joining different die cast
quality levels. A number of previous papers have solely inves-
tigated the joining of die cast by LB and conventional welding
processes. However, NV-EB welding also has a special place
in the history of the automotive industry [1].

2 Welding process

The electron beam welding (EBW) process utilizes physical
processes to convert kinetic energy into heat when the highly
accelerated electron beam impinges on the solid material. The
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essential electrons are emitted and manipulated by a conven-
tional electron beam (EB) generator according to a triode prin-
ciple in high vacuum. In this case, electrons are emitted from a
tungsten cathode by thermal emission and are accelerated to
the required speed by a voltage potential applied between
cathode and hole anode. A control electrode arranged between
cathode and anode controls the beam current and is responsi-
ble for the first beam formation [2].

In contrast to EBWin vacuum, the electron beam generated
in vacuum (10−4–10−6 mbar) is guided to the atmosphere by
using a multi-stage pressure system (Fig. 1). The electrons,
accelerated to approximately two third of the speed of light
(at 150-kV acceleration voltage), are bundled by magnetic
lenses in the beam generator, focused, and deflected to the
outlet nozzle [4]. The beam is slightly scattered by different
pressure levels in the pressure stage system (PSS). The accel-
erated electrons hit the much larger molecules of the air and
are deflected by them. By a coaxial supply of a gas with a
lower density (helium 0.1787 g/dm3) into the PSS, the denser
air is displaced and the interaction between molecules and
electrons is minimized [3]. Twenty to thirty percent of the
emitted electrons are absorbed by the pressure stage system.
A continuous cooling protects the system against thermal
load. In order to suppress the ingress of spatters, metal vapors,
ions, and back-scattering electrons into the beam gun, helium
is additionally fed using a cross jet below the outlet nozzle [3].

In NV-EB welding, it is not possible to use the various
possibilities of electromagnetic beam manipulation for
influencing the weld pool. Rather, the focus position and the
position of the beam are fixed to a point so that the beam has
minimal loss in the PSS. NV-EBW has different possibilities

to influence the welding process. The energy per unit length of
the weld is adjusted by changing the beam current or the
welding speed. Power density distribution, on the other hand,
is also influenced by the working distance. With increasing
distance between exit nozzle and workpiece, the beam ex-
pands so that the energy input changes from welding capillary
(or keyhole) to thermal conduction.

2.1 Material

Due to its technical relevance in the automotive industry and
rail vehicle construction, the heat-treatable aluminum alloy
AlSi10MnMg is investigated using two different casting sce-
narios (Table 1). Trimal-05 (T-VDC) and Silafont-36 (S-
VDC) were casted with vacuum support. For comparison,
Trimal-05 was, in addition, casted in atmosphere (T-ADC).

Both alloy variants are characterized by good castability,
especially for thin-walled and ribbed components, as well as
by a possible thermal post-treatment, including heat treatment
and welding. By targeted heat treatment, components made of
AlSi10MnMg can be adjusted to the requested expansion and
energy absorption capacities.

Since this concerns a eutectic alloy, solidification practical-
ly takes place without a solidification interval and a volume
difference in transition from liquid to solid. For this reason, a
hot-crack-free structure is to be expected during the welding
process [5].

Imperfections resulting from the die casting process have
different influences on material binding processes and on the
quality of the weld. The most frequently occurring and most
relevant imperfections are listed in Table 2 [6]. Defects are
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Fig. 1 Pressure control and
pressure stage system for NV-EB
welding at the ISF [3]

Table 1 Elemental analysis of
investigated AlSi10MnMg
castings components with optical
emission spectroscopy (% by
weight)

Si [%] Fe [%] Cu [%] Mn [%] Mg [%] Zn [%] Ti [%] Sr [%] Al [%]

T-ADC 10.660 0.166 0.010 0.619 0.367 0.008 0.066 0.0093 Bal.

T-VDC 10.630 0.168 0.013 0.598 0.371 0.009 0.067 0.0090 Bal.

S-VDC 10.210 0.109 0.003 0.501 0.335 0.005 0.084 0.014 Bal.
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differentiated into imperfections which stem from the actual
casting process, from the pre-treatment or after-treatment.

Pores formed by the welding process are caused by the
hydrogen dissolved in aluminum melt [7]. When the temper-
ature of the weld drops below 660 °C, the solubility of hydro-
gen in aluminum decreases by a factor of 20. By exceeding the
solubility limit in the pasty melt, the hydrogen diffuses into
pores. This effect is intensified by hydrogen diffused from the
heat-affected zone (HAZ) [1 8].

In case of high cooling, as in a die casting process, the
diffusion is suppressed and the hydrogen is forced to remain
dissolved in aluminum alloy. The main sources of hydrogen in
die casting processes are piston lubricants, release agents, and
also the contact of the melt with atmospheric humidity [9].
The latter may also be responsible for a higher hydrogen con-
tent in the melt during the welding process. In aluminum die
castings, hydrogen occurs in various forms. However, in this
case, only hydrogen gas pores have influence on the strength
and elongation properties of the base material. The welding
process, on the other hand, is also influenced by chemically
bound hydrides and dissolved hydrogen. Most hydrides have
a low melting point and are locally decomposed by the
welding process [9]. In order to minimize the hydrogen con-
tent in the melt prior to the casting process, an inert gas (ni-
trogen or argon) is used as purge gas. Another effect of melt
degassing is the reduction of non-metallic impurities such as
oxides and borides [6].

Air inclusions in die casting components may have differ-
ent causes. The most common cause is air inclusion due to
insufficient mold filling. In addition, due to a thermally active
contact reaction between aluminum melt and release agent,
gas pores can also be formed and solidified in the melt [10].

If the process parameterization or the metal pressure in the
holding-pressure phase deviates from the target value, solidi-
fication cavities occur due to too-short solidification intervals
which cannot be closed in the casting process. It is not possi-
ble to manufacture a casting structure without solidification
cavities [9].

3 Methods

In order to be able to investigate the influence of different
imperfections and cast qualities, sample plates are cast with
and without vacuum support. Due to the vacuum technology,
the porosity in the cast component can be reduced to a mini-
mum. An overview of the examined die cast variations can be
seen in Table 3. In addition, two different release agents are
included in the test.

Prior to the casting process, the hydrogen gas content of the
melt is determined using a vacuum density test. For this pur-
pose, a correlation between the hydrogen content and the pre-
viously determined density index is used [11]. Before the

Table 2 Common imperfections
in die casting processes [6] Imperfections in casting component Possible cause of imperfection Influencing factors

Gas inclusions (hydrogen) Missing/inadequate impellers Metal treatment

Short venting period Venting of the melt

Entry of piston lubricant Mold filling

Release agent composition Spraying process

Pores Inclusions through turbulence Mold filling

Outgassing by separating agent Spraying process

Shrinkage cavities Solidification interval too short Feeding

Deviations of the significant casting parameters Cast process

Table 3 Experiment variations and hydrogen content of die cast samples

Name Sheet
thickness
[mm]

Types of castings Release agent Dilution Mixing ratio Hydrogen
content
of the melt
[ml/100 g Al]

Measuring
position

Hydrogen content in the
component [ml/100 g Al]

w/ cast skin w/o cast skin

T-ADC 3.1 Die casting Henkel - Bonderite
L-CA CP 799B

Water 1:60 < 0.2 Sprue close 5.5 4.7

Sprue far 6.6 4.8

T-VDC 3.1 Vacuum die casting Henkel - Bonderite
L-CA CP 799B

Water 1:60 < 0.2 Sprue close 6.1 3.9

Sprue far 5.5 6.9

S-VDC 2.9 Vacuum die casting ChemTrend SL-7806 Water 1:100 < 0.2 Sprue close 42.4 28.7

Sprue far 26.0 49.2
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casting process took place, the hydrogen content of the melt
was lower than 0.2 ml/100 g of Al (0.17 ppm).

In order to be able to make a statement about the possible
hydrogen increase due to the pressure casting processes in the
cast component, the hydrogen content of solids is determined
by melt extraction (ME) principle. In combination with an
external, infrared heated furnace, the diffusible hydrogen con-
tent in aluminum is measured according to ISO 3690. For this
purpose, samples are taken from different areas (sprue close
side and sprue far side) of the plates and tested with and
without casting skin. A differentiation between the dissolved
hydrogen and hydrides cannot be made.

An accurate reference of the base material with regard to
the volume errors and their effect on the joining process is
achieved by a stochastic detection of the casting imperfections
by means of destructive material tests. Therefore, mechanical
properties are recorded and a metallurgical analysis of the
basic materials is also carried out. For this purpose, flat tensile
specimens were tested following DIN EN ISO 4136. For sim-
plifying test expenditure, the tensile specimens have a dimen-
sion of 25 × 120 (mm × mm) and no typical chamfer.
Therefore, the tensile results are only directly comparable.
Scanning electron microscope (SEM) images from the frac-
ture surfaces of basic material tensile specimens show that the
die casting quality depends strongly on the die casting
process.

Samples casted in atmosphere (ADC) show a strong cavity
formation in the middle of the plates. Shrinkage cavities have
a strongly jagged, cavernous shape and cause weakening of
the base material. The base material improves significantly

with the vacuum die cast (VDC) technology (Fig. 2). Some
shrinkage cavities are always present.

All experiments were carried out using a Steigerwald beam
generator system with an accelerating voltage of 150 kV. The
beam outcoupling to atmosphere is made using a Weldaix
PSS. Adjustment parameters of the beam and the working
distance are kept constant for two power ranges (Table 4).
The macrograph shows a NV-EB-welded reference seam of
a vacuum die cast Triamal 05 specimen (T-VDC). The refer-
ence seam reaches 93% of the base material strength (Fig. 3).
In addition, all welding samples were cleaned with
isopropanol. The cast skins were not subjected to machining.

Due to the power loss in the PSS, the emitted beam current
is adapted to the power losses so that the required power at
atmosphere Patm is reached. The smallest possible working
distance is selected with regard to a high process stability
and a high beam intensity. For a further reduction of the work-
ing distance, a higher cross jet helium stream is required,
which in turn has a negative effect on the beam intensity.

The parameter identification and optimization are only
adapted by the welding speed in accordance with varying
sheet thicknesses. The evaluation of weld geometry and the
imperfections is carried out by means of quality levels D from
DIN EN ISO 13919-2.

4 Results and discussion

The welding speed as main process parameter has a high in-
fluence on the solidification rate of the melt and, accordingly,

Fig. 2 SEM images of tensile fractures at sprue closer area. a T-ADC. b T-VDC. c S-VDC

Table 4 Welding parameters

Die cast setting Ua [kV] Ib [mA] Ib_atm [mA] Patm [kW] V [m/min] Helium flow [l/min] ad [mm]

T-ADC 150 54.8 40.0 6.0 2.9 13 10

T-VDC 150 54.8 40.0 6.0 2.9 13 10

S-VDC 150 54.8 40.0 6.0 3.0 13 10

T-ADC 150 36.6 26.7 4.0 1.6 13 10

T-VDC 150 36.6 26.7 4.0 1.6 13 10

S-VDC 150 36.6 26.7 4.0 2.0 13 10
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on the outgassing of pores to the weld surface. Figure 5 shows
the effect of a speed reduction from 2.9 m/min to 1.6 m/min on
the weld porosity. With decreasing speed, the pores have more
time to rise up to the surface and for outgassing. As a result,
the weld porosity decreases significantly in the weld. The
mechanical properties also decrease with higher welding
speed. Due to the poor quality of samples casted in atmo-
sphere (T-ADC), welding specimens with fewer pores mainly
fail in the region of the base material. Therefore, it is not
possible to make conclusions about the maximum strength
of the seam at lower welding speeds, whereas weld specimens
with a higher pore content only fail in the seam. For this
reason, the weld is to be regarded as the weak point of the
tensile specimen.

A low welding speed can also have a negative effect on the
weld porosity. More hydrogen is forced to remain dissolved in
the component and diffuses from the HAZ into the melt due to
the higher heat input. Despite the low hydrogen content in the
melt prior to casting, the S-VDC samples have a significantly
higher hydrogen content in the solid (Table 3). This enters the
component in different ways. Macrograph and SEM investi-
gations of the base material can be used to exclude hydrogen
gas pores which serve as hydrogen sources.

In order to improve the elongation properties of the base
material, strontium is added to the AlSi10MnMg alloy as
finishing [12]. However, the highly basic alkaline earth metal
has a strong tendency to hydrogen absorption [13]. The melt
modification of S-VDC samples with 200 ppm strontium may
be the cause for the higher hydrogen content in the die cast
component. In this case, the strontium-modifiedmelt reacts by
contact with humid ambient air (e.g., by decanting and
transporting) according to [14]:

Sr þ 2H2O→Sr OHð Þ2 þ H2

As a result, both low-boiling (710 °C) strontium hydroxide
(Sr(OH)2) and hydrogen (H2) arise [13].

Most of the dissolved hydrogen can be removed by purge
gas treatment; strontium hydroxides remain bound in the melt.
During the welding process, the hydroxides decompose into
their constituents due to low boiling temperature and the high
temperatures of the joining process. The resulting high hydro-
gen content has a negative effect on the porosity and mechan-
ical properties of the weld (Fig. 6).

An additional influence of a release agent on the hydrogen
increase cannot be completely excluded.

A reduction of the welding speed, moreover, encourages
the diffusion of hydrogen atoms from the heat-affected zone.
The macrograph of S-VDC welding with 2.0 m/min in Fig. 6
shows an increased porosity near the fusion line of the weld.
This arrangement of pores is decisive for the exclusive failure
of the samples even at low tensile forces near the melt transi-
tion area (HAZ to weld).

SEM images of the fracture surfaces of welded tensile spec-
imens illustrate the dimension of pore formation due to higher
hydrogen content (left) and low hydrogen content (center)
(Fig. 3). Single T-ADC tensile specimen with low hydrogen
content in the base material fails in the center of the weld. The
remaining specimens fail outside the welding zone due to the
large shrinkage cavities in the base material.

Comparing the load-extension graphs of Figs. 4, 5, and 6, it
becomes clear that the hydrogen content has no influence on
the strength of the base material.

Fig. 3 SEM analysis of NV-EB welded vacuum die cast. a S-VDC samples with 2.0 m/min, b T-ADC with 1.6 m/min, and cmean tensile strength with
standard deviation

Fig. 4 Macrograph of NV-EB welded Silafont-36 vacuum die cast S-
VDC sample with 1.6 m/min
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Porosity determinations using three macrographs per weld
seam illustrate the relationship between welding speed and
pore size as a function of the hydrogen content of the base
material. A higher hydrogen gas content does not inevitably
mean a higher quantity of pores. The total number of pores
decreases slightly with increasing hydrogen content (Fig. 7).
Welding of highly hydrogen-containing die casts at higher
speeds reduces the number of pores below the value of slow
welding speed parameters. In addition, the number of pores
with diameters between 0.1 and 0.5 mm doubles with increas-
ing hydrogen content (from 5 to 35 ppm). Simultaneously,

pores larger than 0.5 mm are increasingly observed at speeds
below 2 m/min. One reason for this effect could be the fusion
of many micropores into a few macropores during the extend-
ed melting phase.

As is known, the quality of cast components varies with
regard to cast porosity and hydrogen content.

Welding at different locations on vacuum die cast samples
T-VDC illustrates the quality discrepancy as well as the effect
on the weldability with NV-EBW. As already assumed in
Fig. 8, with good casting quality, the weld porosity doubles
with increasing welding speed. On the other hand, the quality

Fig. 5 Macrograph of NV-EB welded Trimal-05 in atmosphere die cast T-ADC samples with a 2.9 m/min, b 1.6 m/min welding speed, and c mean
tensile strength with standard deviation

Fig. 6 Macrograph of NV-EB welded Silafont-36 vacuum die cast S-VDC samples with a 3.0 m/min, b 2.0 m/min welding speed, and c mean tensile
strength with standard deviation

Fig. 7 Relationship between pore size, pore quantity, and hydrogen content for two different welding speed ranges. a 6 kW. b 4 kW
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of the NV-EB weld in the area with reinforced porosity of the
base material does not deteriorate drastically.

5 Conclusion

With the electron beam in atmosphere as joining partner, weld
porosities of less than 5% were achieved during the joining of
aluminum die casts. Thereby, the process behaves robust
against casting-related pores and shrinkage cavities. Like oth-
er thermal material joining processes, the weld porosity in-
creases with the hydrogen content in the base material.

The following points can be summarized in this work:

– die cast parts with low hydrogen content and even parts
casted in atmosphere can reach a weld porosity less than
5%

– the welding speed as main process parameter has a high
influence on the outgassing of pores by welding less
hydrogen-containing die cast parts

– higher welding speeds have a positive effect on the weld
porosity of die cast components with higher hydrogen
content

– with increasing hydrogen content and slow welding
speeds, micropores grow into macropores and deteriorate
the mechanical properties

– in contrast to pores and gas inclusions, shrinkage cavities
have no direct negative influence on the weldability of die
casting

– it can be assumed that strontium as a finishing alloy may
increase the porosity in the seam as strontium hydroxide

A comparison between the work of Winkler [15] and pres-
ent results shows that the NV-EBW with comparable die cast
qualities achieves weld porosities of electron beam welding in
vacuum and laser beamwelding. The results also illustrate that
NV-EBW has the potential to be an alternative joining process

to laser beam welding for joining aluminum sheets and die
cast parts. Its benefits are high-speed and low-cost operation
for high volume production, plus the ability to weld a wide
range of joint configurations using the same gun.
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