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Mass production welding of die-cast aluminium alloys by electron 
beam 

Daniel Drimal, Frantisek Kolenic, Lubos Kovac 

 
This contribution presents the solution of technological aspects in mass production of die-cast 

aluminium alloys as well as the design of new modules necessary for successful dealing with production. 
The welded parts are made of near eutectic aluminium alloy AlSi10Mg(Fe) / EN AC-43400 by high 
pressure die-casting process. Materials by its chemical composition and narrow solidification range do 
not represents significant problem from weldability point of view. Major problem is material 
contamination caused by the die-casting process. Several procedures were proposed to eliminate the 
problem of reduced weldability. Except for technological problems this contribution presents the concept 
design of mass production welding machine which is based upon experiences of welding process 
optimization.  Special attention is payed to design of welding machine modules such as discharge 
protection module and module for online monitoring and recording welding process parameters. 
Application of discharge protection module increase welding process stability and allow prolongation 
the electron gun maintenance time. Module for online monitoring and recording allows implementation 
of Quality Management processes required by automotive industry. 

Keywords – electron-beam welding, die-cast aluminium alloys, discharge protection, high-
productivity. 

 

Introduction 

Aluminium and its alloys represent a very specific 
material with exceptional utility properties. Owing to 
these properties aluminium and its alloys are applied 
in a wide spectrum of industrial production for 
example in the food industry, metallurgy, aerospace 
industry, automotive industry etc. 

Alloying of aluminium allows creating diverse types 
of alloys with desired properties for a wide spectrum of 
applications. Due to this fact the issues regarding 
aluminium weldability are relatively complicated. From 
the material viewpoint it is affected mainly by 
following characteristics: 

- presence of surface layer of aluminium oxide 
results in deteriorated wettability and presence of 
gases and inclusions in the weld,    

- high thermal conductivity causes an intense heat 
removal from the welding zone,  

- relatively high thermal expansion causes greater 
distortions from welding, 

- hydrogen content in alloy causes porosity of 
welds, 

- a wide solidification interval causes the 
segregation processes of alloying elements and 
hot cracking as well.  

In welding Al alloys, the problems with porosity 

and weld cracking are more or less encountered. 
Porosity in weld metal can be caused by many factors. 
Among the most important belong gases and 
inclusions in the base metal and air humidity in the 
surface layer of aluminium oxide which is formed 
immediately at the contact with the air. Increasing the 
temperature of melt pool and prolonging the time 
during which the weld metal remains in liquid state 
may efficiently suppress the risk of pores formation. 

Main technological problems 

The problem consisted in solving the welding 
process of heat exchangers produced from high 
pressure die casted aluminium alloy AlSi10Mg(Fe) / 
EN AC-43400 (Table 1). The exchanger is assembled 
of two components due to manufacturability. Both 
parts are connected together by weld in the 
circumferential area. The cover is welded to the heat 
exchanger ribs by T-joint. Both welds (in the ribs area 
and circumferential are) have to be gas tight. Ribs 
width in the weld area is 2 mm. Cover thickness in 
circumferential joint is 2.5 mm. The cover thickness 
in the T-joints is reduced to 1.5 mm (Fig. 1). 

It is necessary to provide sufficient long time to 
degassing a weld pool with regard to increased gases 
solubility in the casting. The increased gases solubility 
is caused by metal solidification in conditions under 
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elevated pressure. The approach of using higher 
welding speeds and multi-pass welding was chosen 
because of limited head capacity of the ribs. This 
approach in combination with asymmetric beam 
deflection patter and beam current pulsation provides 
conditions suitable for achieving required tightness 
and quality of the welds. 

Table 1 
AlSi10Mg(Fe) / EN AC-43400 nominal chemical 

composition in wt. % 

Si Fe Cu Mn Mg Ni 

9.0 - 11.0 0.45 -  0.9 0.10 0.55 0.20 - 0.50 0.15 

 

Zn Pb Sn Ti 
Others 

Al 
Each Total 

0.15 0.15 0.05 0.20 0.05 0.15 Rest 

 

 
Fig. 1. Weld joint geometry. 

It is necessary to provide sufficient long time to 
degassing a weld pool with regard to increased gases 
solubility in the casting. The increased gases solubility 
is caused by metal solidification in conditions under 
elevated pressure. The approach of using higher 
welding speeds and multi-pass welding was chosen 
because of limited head capacity of the ribs. This 
approach in combination with asymmetric beam 
deflection patter and beam current pulsation provides 
conditions suitable for achieving required tightness 
and quality of the welds. 

The weld joints metallographic examination has 
proved sound welds without significant amount of 
pores or shrinkage cavities (Fig. 2). Base material has 
casted structure with fine dendrites of α-phase. The 
eutectic (α-phase + Si phases) is located in the 
interdendritic spaces. Microstructure of cover and heat 
exchanger body shows difference only in the fines of 
microstructure. Heat affected zone is narrow. Weld 
metal has similar dendritic structure than base material 
Weld metal structure is finer with increased α phase 
content (approximately 80%). 

The craters presence was randomly observed in 
weld metals for various casting batches (Fig. 3). The 

crates were caused by metal eruption due to presence 
of impurities. Surface was coloured near the crater, by 
vapours originated form impurities probably. 

 

 
Fig. 2. Structure of T-joint of AlSi10Mg(Fe), 

 
Fig. 3. Crater in weld of contaminated materials. 

The chemical composition of welded aluminium 
alloy should not cause problems during welding from 
the metallurgical point of view. The alloy contains the 
elements with high vapour pressure such as Mg and 
Zn. Their content is quite low, although their 
distribution may not be homogenous.  

The welding trials by using alloy with increased 
Mg and Zn contents were performed for comparison. 
The wrought Al alloy Al4,5ZnMg1 (EN AW 7020) 
was used for experiments. The welded T-joints have 
identical geometrical configuration that was used for 
die cast alloy. The welds performed with Al4,5ZnMg1 
did not contained craters and the weld joints contains 
minimum porosity contents (Fig. 4). 

Since no addition material does not enter the 
electron beam welding process material contamination 
has to be caused before welding. 

Chemical and metallographic analysis of base 
material and weld joints does not provide relevant 
evidence or indication about source of contamination. 

The comparative tests were performed for 
identification of possible contamination sources.  
Monitoring of different melting and casting 
parameters such as casting temperature, inoculation of 
melt, alloy gas contents did not exhibit significant 
influence if they are hold in reasonable values. Over 
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and above they will not cause colourization of surface 
around craters. The production operations utilizing 
some possible contaminants were determined by 
process analysis. As relevant contamination sources 
were identified followed processes: 

1. High pressure die casting – piston lubrication 
fluid 

2. High pressure die casting – mould agent for 
preventing casting stick to the mould 

3. Mechanical machining - cutting fluid 
4. Cleaning and washing after machining – 

detergent 

 
Fig. 4. Structure of T-joint of Al4,5ZnMg1. 

All liquids were provided by casting supplier. The 
samples were new without contamination or thermal 
degradation. Samples of various possible 
contaminates were introduced into the T-joint and 
subsequently were subjected to electron beam welding 
process. The effect of various fluid upon weld quality 
is showed in Fig. 5 and Fig. 6. The following 
outcomes were stated based upon achieved results. 

Detergent had small influence upon weld surface 
quality, similar to the cutting fluid.  The mould agent 
exhibit more intensive influence upon weld surface 
quality. Deterioration of surface quality was not at the 
level for inconvenient quality. Deposition of piston 
lubrication fluid into the weld area caused eruption of 
weld metal associated with occurrence carbon scale 
around and colorization of surface near the defect. 
Therefore the modifications of casting process with 
limitation of amount of piston lubrication were agreed 
with the castings supplier. 

The requirements for single purpose mass 
production welding machine was specified based upon 
earned findings and experiences.  

- Massive positioning system that allows high 
velocity welding process with regard to alloy 
weldability and high productivity.  

- Provide the maximum welding process stability 
and protection of individual modules against 
exposure of spatter and intensive vapours 
generation form process. 

- Welding process parameters recording for 
purpose of back check and identification of 
contingent defect causes. 

 
Fig. 5.  Surface of the weld joints contaminated by different 

fluids a) piston lubrication fluid; b) mould agent; cutting 
fluid; d) detergent. 

 
a)    b) 

 
c) 

Fig. 6.  Comparison of weld joint macrostructure a) with 
cutting fluid; b) piston lubrication fluid; c) without 

contamination 

Concept of high production EB welding 
machine 

In the design of high-productivity EB welding 
devices designed to weld the components made of dye 
casted aluminium alloys, the specific characteristics of 
the welding process must be respected. Especially 
when continuous welding 7 days a week in three-shift 
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operation is expected.  
To achieve maximum output, the EBW machine 

concept was chosen with one welding and two 
adjacent vacuum chambers. The auxiliary vacuum 
chambers are connected to the welding chamber by 
means of two plate vacuum valves with an internal 
diameter of 500 mm (Fig. 1). The concept of the 
solution assumes that in the welding chamber during 
non-interrupted production a permanent vacuum better 
than 5×10-2 Pa will achieve. Both auxiliary vacuum 
chambers are equipped with a vacuum-tight lid. The 
lids are controlled by separate pneumatic systems. In 
the open state of the lid at atmospherics pressure, it 
allows comfortable loading and unloading of the 
weldments. In the closed state of the lid the auxiliary 
vacuum chambers can be pumped to a pressure better 
than 3×10-1 Pa by a separate vacuum pump system.  
Design of high production EB welding machine is 
shown Fig. 7. 

. 

Fig. 7. The concept of high production EBW machine. 

Vacuum welding chamber is made from carbon 
steel. Front wall of the chamber can be removed for 
installation and maintenance purposes. Chamber is 
designed for vacuum level 10-3 Pa. Back wall of the 
chamber is determined for installation of powerful 
diffusion pump with angle valve and electric, water 
and hydraulic feedthrough. Electro-pneumatic vacuum 
valves DN 500 are mounted on the side walls of the 
chamber and separate auxiliary vacuum chambers 
from welding chamber. On the top of the welding 
chamber electron gun with visualisation and 
lightening systems is placed.  

Auxiliary vacuum chambers made from carbon 
steel serves for loading/unloading of welded parts 
into/from welding tools. This concept enables that 
while loading/unloading parts for example into/from 
right auxiliary chamber, the pieces from left auxiliary 
chamber are just welded in welding chamber. And 
vice versa. Opening and closing of the lid of auxiliary 
chambers will be realised from the top side by means 
of electro pneumatic lifting device. 

Positioning table x – y is located on the inner 
bottom wall of the welding chamber. Its function is to 
pick up loaded trolley with welding tool from 
auxiliary chambers, realise welding of the parts, which 
are clamped in welding tool and after welding insert 
trolley into the same auxiliary chamber. Positioning 
accuracy is ± 0.1 mm at welding speed up to 100 
mm/s (Fig. 8). 

Welding tool is designed for clamping and fixing 
of two pieces of die casted heat exchangers.  The 
concept is based on the assumption, that on first 
weldment tacking and welding on the ribs will be 
done and on the second weldment circumferential 
welding will be realised so that one complete piece of 
heat exchanger will be welded. Due to the fact, that 
we need to weld 4 different types of heat exchanger, 
one fully controlled trolley in each auxiliary chamber 
we will be use. For each type of heat exchanger, a new 
platform with the clamps, fitted for just determined 
type will be designed and manufactured. These 
platforms will be simply fix to the trolley. Changing 
of the welded type will take only several minutes. 

. 

Fig. 8. Design of the kinematic part of the high productive 
welding machine. 

Beam generation system creates the necessary 
power supplies that provide reproducible and stable 
operation of the electron gun. It consists of the 
following parts: 

a) High voltage power supply with stabilised and 
regulated output voltage from 30 up to 60 kV, output 
power 15 kW. 

b) Auxiliary power supplies and control circuitry 
for power and control of the electron gun. 

Beam generation system can work at manual 
operation mode or in automatic mode. In manual 
operation mode Omron PLC module is used for 
setting and control. In automatic mode setting and 
control of output beam generation system parameters 
is realised by industrial computer.  

Technical parameters of the power block: 
 Magnitude of accelerating voltage regulated 

from 30 kV up to 60 kV. 
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 Adjustable output power up to 15 kW. 
 The stability of the accelerating voltage is ± 

1.0% peak-to-peak, ripple max. 1% and the 
reproducibility ± 1.0%. 

 The stability of the needed welding current is ± 
1% peak-to-peak; ripple 2% and reproducibility  
± 0.5%. 

 Focusing current stability is ± 0.8%, ripple pp 
0.5% and reproducibility ± 0.5%. 

During welding a lot of spatter, organic and metal 
vapours are released from the weld pool. This can 
greatly reduce the resilience of the beam generating 
system against the breakdowns in the electron gun. 
From this reason electronic discharge protection 
(EDP) is integrated into beam generation system. The 
principal function of discharge protection is illustrated 
in Fig. 9. 

 
Fig. 9. The function of discharge protection. 

 
Fig. 10. Replaceable protection of inner parts of the gun by 

high productive welding. 

 
The main attention at solution of discharge 

protection (EDP) was paid to speeding-up the 
discharge detection by a simultaneous sensing of more 
parameters of electron beam generator, which would 
allow a faster reaction to eliminate the unfavorable 
effects of discharge, related to fabricated welded joint. 
This prevention has attained in our solution the 
parameters of discharge detection on the level up to 
100 microseconds and the overall time for welding 
process renewal from 6 ms up to 10 ms, depending on 

time, setting for recombination of ions after 
breakdown.  

Triode electron gun EG 15 operates with long life 
LaB6 or tungsten cathodes. In this device electron 
beam is generated, focused, deflected and controlled. 
The electron gun is equipped with a focusing 
magnetic coil, which ensures sharp focus the electron 
beam onto welding joint. It also contains a system of 
static and dynamic deflection of the electron beams 
for electron beam technological movements. For 
protection of the inner part of the gun against metal 
vapour and sputter, the electron gun is placed in 
higher distance to the weldment (300 mm) and also 
the diameter of the opening be optimized see Fig. 10. 

These measures allowed a seven-day continuous 
operation in three-shift operation. After seven days 
several hours of servicing for cathode replacement, 
replacement of gun internal parts protection, scanning 
of sensors, lubrication and general inspection of the 
device is necessary. The vacuum welding chamber is 
permanently pump to the pressure 5×10-2 Pa. Pressure 
measuring in vacuum chamber and electron gun will 
ensure vacuum gauge type MAXI GAUGE.  

Welding, focusing and deflection current are 
programmable for each welding sections. The system 
allows on line record of important welding parameters 
(more than 15 parameters). All measured parameters 
can be stored in Data base and edited off-line.  
Standalone software allows data output in tabular 
form. Moreover, graphically shows the time course of 
the monitored welding parameters and their absolute 
values (Fig. 11). For off-line analysis of welding 
parameters, it is possible to select any combination of 
measured process parameters. Off line analysis of the 
scanned parameters makes it possible to determine the 
cause of the defects produced in the welding joint and 
optimized all welding parameters.  In Fig. 11, we can 
see a record of the y-axis position, velocity in y-axis, 
time course of welding current and vacuum in the 
vacuum chamber during welding. 

 
Fig. 11. Off-line analyses of four recorded welding 

parameters. 
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Conclusions 

The most suitable method for welding of a given 
type of material is electron beam welding in high 
vacuum. Welded joints achieve good mechanical 
properties, they have acceptable surface formation. 
Applying multipass welding with appropriate beam 
oscillations the weld joints have a solid structure with 
minimum number of closed defects guaranteeing the 
tightness of the weld joint. One can observe also the 
occurrence of transverse deficiencies, which in most 
cases arise from the explosion of the welding pool due 
to the locally increased concentration of organic 
impurities in the welded cast. The quality and 
tightness of the welding joint can be restored by a 
specific procedure of repair welding. All parts of the 
machine are designed for 3 shift working cycle. Life 
time of welding tool is limited up to 100 000 welded 
pieces. One-week maintenance works each three 
months is expected. Life time of welding chambers, 
auxiliary chambers and valves is up to 10 years.  

Maximum production of the machine is more than 
100 000 pcs a year. For calculation average welding 
time 140 s and manipulation time 60 s was taken into 
account. 
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