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Abstract: For many commonly used aluminium alloys, electron beam welding (EBW) is a very suitable 

welding process. In this study, the influence of EBW technological parameters on properties of AlSiMg(Cu) 

welded joints were discussed. SEM and EDS analysis studies were conducted to examine the effects of 

alloying elements as well as EBW parameters on the properties of welded joints. The conducted 

experiments revealed that the use of EB can produce welds with high quality. Porosity as well as cracks 

were not observed. The welding speed of 2000 mm/min have resulted in narrow width of welds for all 

alloys. In comparison with different alloys has experienced severe deterioration in mechanical properties 

due to softening in the fusion zone resulting from dissolution of the strengthening precipitates in the weld 

metal and HAZ, such deterioration is in the range of AlSiMg(Cu) 81-99% of base material. The results have 

shown that, the microhardness increase in HAZ for all welded joints up to 116 HV1 (alloy 3B), and strength 

for the same alloy up to 275 MPa (base material 277 MPa). Thus, the max joint efficiency is 99%. However, 

the bend tests indicated that cracks up 3.5 mm occurred. 

Streszczenie Spawanie wiązką elektronów (EBW- ang. Electron Beam Welding) jest odpowiednim 

procesem spawania dla wielu gatunków stopów aluminium. W niniejszym artykule omówiono wpływ 

parametrów technologicznych EBW na właściwości złączy spawanych AlSiMg(Cu). Przeprowadzono 

analizy SEM i EDS w celu zbadania wpływu pierwiastków stopowych, a także parametrów procesu EBW 

na właściwości złączy spawanych. Przeprowadzone eksperymenty wykazały, że zastosowanie EB może 

zapewnić spoiny o wysokiej jakości. Nie zaobserwowano porowatości ani pęknięć. Prędkość spawania 

2000 mm/min skutkowała wąską szerokością spoin dla wszystkich stopów. W porównaniu z innymi 

stopami nastąpiło poważne pogorszenie właściwości mechanicznych z powodu zmiękczenia w strefie 

wtopienia wynikającego z rozpuszczenia wydzieleń wzmacniających w metalu spoiny i SWC, takie 

pogorszenie występuje w zakresie AlSiMg(Cu) 81-99% materiału podstawowego. Wyniki wykazały 

wzrost mikrotwardości w strefie wpływu ciepła (HAZ) dla wszystkich złączy spawanych do 116 HV1 

(stop 3B) oraz wytrzymałości dla tego samego stopu do 275 MPa (materiał bazowy 277 MPa). Maksymalna 

wydajność połączenia wynosi 99%. Jednakże próby gięcia wykazały występowanie pęknięć do 3,5 mm. 
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Introduction 
Depending on the required mechanical properties, corrosion resistance and application of aluminium 

alloys a different alloying element can be applied. Aluminium is the most alloyed with copper, zinc, 

magnesium, silicon, manganese and lithium. Small additions of chromium, titanium, zirconium, lead, 

bismuth and nickel are also used, and iron is invariably present in small quantities. There are over 300 

wrought aluminium alloys with 50 in common use. Owing to their good strength, formability and corrosion 

properties, the Al–Mg–Si(Cu) alloys are important for the automotive industry. Copper as an alloying 

element allows to increase strength, hardness, fatigue, creep resistance and machinability in an aluminium-

silicon alloy. Strength and ductility depend on how copper is distributed in the alloy. Copper is found 

dissolved in the dendrite matrix or as aluminium-copper rich phases. Aluminium alloys with dissolved 

copper in the matrix shows the most increase of strength and retains ductility. Continuous network of copper 

at the grain boundaries increases the strength to appreciable levels but the ductility decreases [1]. To increase 

the content of copper in the alloy a higher hardness is achieved, and porosity formation increases. Shabestari 

et al. [2] revealed that, the Al–7% Si–0.35% Mg alloy containing 1.5 wt.% copper has the optimum mechanical 

properties compared to the alloys having lower or higher copper content than 1.5 wt.%. Moreover, it should 

be noted that alloy density increases with copper content, and the highest densities are obtained in graphite 

mold. Simultaneously, the porosity volume percentage increases with copper content in different 

solidification conditions. Li et al. [3] have indicated that the tensile strength (UTS) increases with Cu content 

in the Al–Si–Mg–Cu alloys. A significant improvement of the tensile strength has been achieved in the alloy 

with addition of 3.0 wt.% Cu. The 3.0 wt.% Cu addition in Al alloy has also a much higher yield strength (YS) 

than Al alloy without Cu. However, the yield strength of the 1.0 wt.% Cu in Al alloy is a little lower than the 

alloy without Cu. Marioara et al [4] revealed, that the Cu-containing alloys (0.3 %Cu) achieve higher hardness 

due to finer microstructures with higher precipitate volume fractions as compared to their Cu-free 

counterparts. Moreover, Cu-containing alloys are less sensitive to Mg/Si ratio as compared to the Cu-free 

alloys. Płonka et al. [5] indicated, that the analysis of the EBSD structure and subgrain size measurements 

made on the extruded profiles have not revealed any significant differences between the alloy variants with 

2.5% Cu and 3.5% Cu. Simultaneously, for variant 4.5% Cu, the structure is finer with the average subgrain 

size smaller by about 20% (3.6 ÷ 3.9 μm). However, the mechanical properties increase with the increasing 

Cu content in AlCuMgSiMn alloys. It should be noted that the addition of Cu can notably improve the 

strength of Al alloy, but it reduces its corrosion resistance. Wang et al. [6] revealed that the addition of Cu 

accelerates the immersion corrosion rate of Al alloy by 26.8% to 269.2%. This affects the peak ageing and 

overageing samples the most. The influence is less evident for underaged samples. At the same time, the 

addition of Cu reduces corrosion resistance by creating pitting at the first stage and intergranular corrosion 

around and inside the pitting hole. 

On the other hand, for aluminium alloys, electron beam welding (EBW) is a very suitable process 

because the high-melting oxide film that interferes with other processes is easily destroyed by the movement 

of the electrons. Etching the workpiece surface in the weld area before welding reduces the oxide layer and 

thus improves the flow behaviour and weld quality with reduced porosity. The EBW of aluminium alloy as 

an autogenous (without filler material) or with filler material can be carried out. Furthermore, with EBW no 

problems arise from reflection of the beam resulting in reduced energy input. It is possible to achieve welding 

depths of 200 mm and more with good width to depth penetration ratio [7]. However, welding the 

aluminium alloys with electron beam process presents one problem specific to the process, that of metal 

vapour from the weld pool causing arcing inside the electron beam gun. This is a particular problem with 

those that contain low boiling point alloys such as magnesium and zinc. Arcing inside the gun interrupts the 

beam and causes cavities formation in the weld. Although some of the alloying elements, i.e. magnesium and 

zinc, are lost, this is generally insufficient to cause a loss of strength. Moreover, the use of these alloys is 

limited due to numerous other problems during fusion welding processes. One of the major problems with 

the fusion welding of this alloy is its high sensitivity to hot cracking [8], porosity [9]as well as excessive 

evaporation of light elements with high saturated vapor pressure [10]. The shrinkage due to solidification 

during EBW of the aluminum alloys is almost three times more than steel alloys [11], the weld metal in 

aluminium alloys undergoes a large dimensional change during the welding process leading to higher 

thermal induced stress and strain on the weld metal. Porosity supports the solidification cracking and acts 

as stress concentration sites resulting in a decrease in mechanical properties. The application of EBW with 
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oscillation could be promising because of the smaller molten metal volume and longer time to diffuse 

hydrogen from the molten pool, along with perfect shielding of molten metal in a vacuum environment [9]. 

Thus, it is essential to find approaches to reduce the amount of porosity in welded joints and consequently 

elimination of cracks. Hosseini et al. [8] revealed that, higher welding speed and lower heat input led to 

decrease of the stresses and strains applied to the weld metal and therefore, the nucleation and growth of 

liquation hot cracking in the weld metal could be prevented. Moreover, the authors indicated that, 

simultaneous increase of welding power and welding speed resulted in the formation of the equiaxed 

dendritic microstructure in the bottom of weld metal. Thus, the propagation of hot cracks in this 

microstructure of weld metal is more difficult. They concluded that hot cracking can be eliminated in the 

specimens welded at speed of 30 mm/s and more. Sahul et al. [9] indicated that the utilization of beam 

oscillation resulted in the elimination of undercuts as well as porosity. Moreover, lowering the heat input 

resulted in the production of a smooth weld bead, with low amount of porosity. On the other hand, a larger 

beam current and a lower welding speed reduce the keyhole stability [12]. It should be noted that, due to the 

rapid cooling rate in the EBW molten pool, the ejected solute atoms during the solidification process have 

insufficient time to diffuse, resulting in an uneven element distribution and inevitable segregation. The 

segregation phenomenon may lead to uneven mechanical properties in the weld and even cracks, which are 

detrimental to the final welded joint quality. Yang et al. [13] indicated that a keyhole is more stable when the 

inclination angle exceeds 90°, which means that the processing parameters with beam inclination angle 

greater than 90° is more inclined to prevent the formation of porosity defects in aluminium alloy. Kim et al. 

[14] indicted, that the weld strengths of square butt and U groove joints (AA6061-T6 alloy) were 

approximately 222 MPa (autogenous) and 247 MPa (with filler material). The joint efficiency of welded joint 

without filler was approximately 73% and the joint efficiency of welded joint with filler was 81%, 

respectively. It was found that the hardness variations of the filler metal addition exhibited higher hardness 

compared to the autogenous weld joint due to shear stresses induced by tool motion which led to the 

generation of a fine grain structure. Moreover, it was observed that the weld bead of U groove joint with 

filler wire was slightly wider than that of square butt joint. Alexopoulos et al. [15] revealed that heat treatment 

before as well as after welding influence of the mechanical properties of EB welded joints of 6156 aluminium 

alloy. Artificially ageing before the welding process results in the formation of Mg2Si precipitates according 

to the different ageing condition. The EBW process allows dissolution all the formed precipitates within the 

fusion zone and enhance the ductility on the expense of strength properties of the welded joints. Over-ageing 

before welding gave the best results in tensile ductility properties. Ageing after the EBW process had the 

opposite effect between strength and ductility properties. Small ageing time is recommended (under-ageing 

condition) to increase the strength properties of the welded joint. 

In this study, microhardness, microstructure, tensile and bend properties of AlSiMg(Cu) alloys in EBW 

was investigated. The influence of EBW technological parameters on properties of welded joints were 

discussed. SEM and EDS analysis studies were conducted to examine the effects of alloying elements as well 

as EBW parameters on the final properties. To the best of the authors’ knowledge, this work is the very first 

attempt to apply EBW to a AlSiMg(Cu) aluminium alloys. 

The main novelty of the presented results is the use of a new aluminium alloys with higher copper 

content, up to 1.4%. Currently, commonly used alloys in similar applications, such as the 6061 series, contain 

up to 0.4%. The addition of copper allows higher strengths achieved, but weldability is limited and 

susceptibility to hot cracking increased. To date, no attempts have been made to EB weld such alloys. 

Experimental details  
In this study, as-received AlSiMg(Cu) (without heat treatment) alloy flat bar with a dimension of 80×5 

mm, were used. The chemical composition as well as mechanical properties of the samples are shown in 

Tables I and II, respectively. ARL 4460 optical emission spectrometer from Thermo Fisher Scientific for 

chemical analysis was applied. The sample surfaces were brushed and cleaned prior to testing. 

Measurements were taken at five different points. The average values are given in Table I. The mechanical 

tests acc. to EN ISO 6892-1 at room temperature were carried out. The tensile testing machine MTS Criterion 

C45 was applied.    
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Table I Chemical composition of the AlSiMg(Cu) alloys 

Symbol Element % wt. 

 Cu Si Mg Mn Others  

1A 0.6 1.0 0.7 0.6 0.42 

1B 0.8 1.0 0.7 0.6 0.42 

2A 0.8 1.2 0.8 0.6 0.42 

2B 1.0 1.2 0.8 0.6 0.42 

2C 0.8 1.2 0.8 0.6 0.82 

3A 1.2 1.2 0.8 0.6 0.57 

3B 1.4 1.2 0.8 0.6 0.42 

Table II Mechanical properties of the AlSiMg(Cu) alloys 

Symbol Mechanical properties1 

 
Yield strength 

R0.2 MPa 

Tensile strength 

Rm MPa 

Elongation 

A50 % 

1A 101.0 / 111.7 229.2 / 235.8 14.8 / 20.0 

1B 108.0 / 99.7 245.1 / 234.8 19.6 / 14.8 

2A 111.3 / 109.4 250.7 / 253.2 14.8 / 16.0 

2B 112.4 / 118.7 255.8 / 264.9 15.6 / 16.2 

2C 109.7 / 105.8 251.5 / 251.4 14.0 / 16.4 

3A 143.0 / 135.2 308.9 / 298.2 13.0 / 12.2 

3B 128.3 / 127.6 279.6 / 276.3 10.4 / 9.6 

1 Results for two specimens  

In this study, Cambridge Vacuum Engineering brand EBW model XW150:30/756 device for electron 

beam welding was used. Specimens 300×80×5 mm were welded together. The welding parameters are 

given in Tab. III. The pressure in the working chamber was below 5·10-3 mbar. The beam axis of the EBW 

device was vertical, and all the welded joints were prepared in the flat position (1F/PA). The welding 

parameters were selected based on a preliminary study, and resulted in complete weld penetration, and a 

sound visual appearance and root formation. Before welding the plates were brushed as well as chemical 

cleaning with acetone. For final tests single welded joint for each of welding parameters were prepared.  

Table III EBW technological parameters 

Parameter Unit Value  

Acceleration Voltage, U kV 80 

Beam Current, I mA 25.0 – 37.01 

Welding Speed, v mm/min 1000 / 20002 

Input Power, P W 2000 – 29601 

Input Energy, E kJ/mm 0.023 – 0.0381 

Beam oscillation - Circle  

Oscillation frequency, f Hz 100 

Oscillation amplitude mm 1.0 

Working distance mm 470 

1 range of technological parameters, the min. and max. value. 2 two welding speeds were applied 

The quality of EB welded joints based on visual testing was controlled. EN ISO 17637 as well as 

standards EN ISO 13919-2 were applied. Moreover, the destructive tests were carried out. The tensile test 

specimens prepared acc. to EN ISO 4136 standard were subjected to a tensile test in MTS brand tensile testing 

machine (2 specimens for each set of parameters). The bend test with roller (4 specimens for each set of 

parameters) acc. to EN-ISO 5173 were conducted. The cross sections of welded joints were prepared for 

metallographic analysis by using standard metallographic procedure acc. to EN-ISO 17639. The welded joints 

specimens were etched by a modified Kroll’s reagent. Metallographic analysis was conducted by using an 

Eclipse MA 200 (Nikon) light microscope. Hardness measurements were carried out in one line using a KB50 

FA (Prüftechnik GmbH) hardness machine under a load of 1 kg (HV1, for 20 s) acc. to EN-ISO 22826. 

Microscopic observations in the cross-section of the welded joints were carried out. Inspect F-50 (FEI) 
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scanning electron microscope (SEM) and energy-dispersive spectroscopy (EDS) and EDS mapping were used 

to characterize the microstructure of welded joints. The interface structure, and element distribution in the 

weld zone were analysed using a SEM equipped with an EDS analysis system.  

Results 
The EB butt welded joints were made with different combinations of welding parameters (see Tab. III) 

without filler materials (autogenous welding). Firstly, the lower welding speed (1000 mm/min) was applied 

at three different welding current. The increase of temperature of the welded plate, during welding, were 

considering. Thus, the lower welding current was used for second and third section of welded joint. 

Secondly, the higher welding speed (2000 mm/min) was used. The results of macroscopic examination of 

final welded joints are presented in Figure 1. The quality of welded joints acc. to EN ISO 13919-2 was 

established. The main welding imperfection such as incompletely filled groove (511 acc. to EN ISO 6520-1) 

was detected. However, the dimensions of those imperfections are acceptable by the EN ISO 13919-2 

standard. Acc to. EN ISO 13919-2 for a 5 mm thick plate at quality Level B the largest permissible 

incompletely filled groove defect is ≤ 0,5 mm and for Level C ≤ 1 mm. 

 

 
1000 mm/min 

Level C, 0.65 mm 

 
2000 mm/min 

Level B, 0.42 mm 

1A (511) 

 
1000 mm/min 

Level B, 0.47 mm 

 
2000 mm/min 

Level B, 0.45 mm 

2A (511) 

 
1000 mm/min 

Level B, 0.47 mm 

 
2000 mm/min 

Level B, 0.32 mm 

1B (511) 

 
1000 mm/min 

Level B, 0.42 mm 

 
2000 mm/min 

Level B, 0.26 mm 

3A (511) 

 
1000 mm/min 

Level B, 0.30 mm 

 
2000 mm/min 

Level B, 0.23 mm 
2B (511) 

 
1000 mm/min 

 
2000 mm/min 

Level B, 0.45 mm 
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Level B, 0.25 mm 
2C (511) 

 
1000 mm/min 

Level B, 0.47 mm 

 
2000 mm/min 

Level B, 0.23 mm 
3B (511) 

Fig. 1. Macroscopic examination, butt welded joints made with two different welding speeds, quality 

level acc. to EN ISO 13919-2, welding imperfections: incompletely filled groove (511), the results of 

measurements of imperfections were presented.Light microscopic examinations of the weld metal of all 

investigated alloys revealed a cellular dendritic structure with an equiaxed zone formation along the 

centreline of the weld as shown in Fig. 2 for 1A as well as 2A alloys (see Tab. I).  

 
1A alloy 

 
2A alloy 

Fig. 2. Microscopic examination, butt welded joints of two Al alloys  

SEM microscopic observations of welded joints revealed the influence of the EB welding on the 

morphology of the Mg2Si phase. The growth and coagulation of this phase is visible in the heat affected zone 

(HAZ) area compared to the fusion zone (FZ). Moreover, a significant evolution of AlFeMnSiCu precipitates 

is also visible. The example results are presented in Fig 3. The images were formed backscattered electrons 

(SEM-CBS Concentric Backscattered Detector) technique. 
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Fig. 3. Microstructure of EB welded joint, 1A alloy, HAZ, SEM-CBS 
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HAZ 

 

Fig. 3. Microstructure of EB welded joint, 2A alloy, HAZ, SEM-CBS 

The analysis of the chemical composition in EDS micro-areas confirms occurring of different phases. 

Also using the EDS technique was proven that welding, apart the precipitations morphology changes, does 

not result in segregation of the chemical composition in individual areas of the joint. The results are presented 

in Figs. 4 and 5. However, more detailed analysis of the different phases in the welded joints of AlMgSi(Cu) 

alloy will be conducted in the future. 

 

  

 

Element 
Chemical composition %wt. 

HAZ AlFeMnSiCu 

Al 95.3 84.3 

Mg 2.0 1.7 

Si 1.0 5.1 

Cr 0.4 1.0 

Mn 0.7 5.5 

Fe - 1.8 

Cu 0.6 0.5 

Fig. 4. Results of EDS analysis, 1A alloy, HAZ 

 

 
 

Element 
Chemical composition %wt. 

HAZ AlFeMnSiCu 

Al 95.9 87.4 

Mg 1.9 1.9 

Si 0.8 3.3 

Cr 0.3 0.9 

Mn 0.6 3.9 

Fe - 1.5 

Cu 0.5 1.2 

Fig. 5. Results of EDS analysis, 1A alloy, fusion zone 

In order to characterise the mechanical properties of the butt-welded joints produced by EB welding process, 

hardness distribution as well as tensile and bend tests were performed. Fig. 6 and 7 shows example of 

hardness distribution on the welded joint cross sections. The applied load was 1 kg (HV1). The results also 

in Tab. IV were presented. 
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Fig. 6. Hardness distribution of welded joints (1A and 2A alloys), v=1000 mm/min specimens 1AA and 2AA, and v=2000 

mm/min specimens 1AB and 2AB 

 

  
Fig. 7. Hardness distribution of welded joints (3A and 3B alloys), v=1000 mm/min specimens 1AA and 2AA, and v=2000 

mm/min specimens 1AB and 2A 

Table IV Results of hardness tests of EB welded joints 

 Points 

Area Base material HAZ Weld HAZ Base material 

No 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

1AA 57 58 59 59 57 87 86 87 72 75 75 75 74 88 88 90 58 60 57 58 60 

1AB 61 59 60 60 62 86 85 86 78 77 76 78 76 87 84 85 59 61 60 58 60 

2AA 66 67 66 67 66 86 87 90 77 77 78 79 79 86 90 88 67 67 65 67 68 

2AB 66 65 65 66 65 86 89 88 85 85 84 87 86 90 91 90 63 64 65 63 63 

3AA 64 63 64 62 64 106 108 109 89 91 88 91 91 107 110 110 62 66 63 67 65 

3AB 71 71 72 70 71 106 106 108 90 89 88 91 86 103 103 105 76 78 78 76 78 

3BA 69 68 71 70 70 109 111 111 85 85 84 86 82 107 109 108 68 70 71 70 70 

2BB 79 77 76 77 76 105 107 110 84 87 83 88 85 110 105 107 64 66 66 65 65 

The results of tensile tests for EB butt welded joints are presented in Tab. V. In comparison with 

mechanical properties of the base metal (BM), welding has resulted in deterioration of tensile strength of all 

the alloys investigated. However, the strength retention was about 81% for 3A alloys, and up to 99% 2A and 

3B alloys. The samples, mainly, failed in the weld metal. Thus, the results are satisfactory. Acc. to ISO 

standard the efficiency of the welded joints must be higher than 60% [16].  However, for 2C the rapture in 

HAZ was also observed. 

Table V Results of tensile test of EB welded joints 

Symbol  
Welding speed, 

mm/min 
Rm, MPa Remarks 

1A 
1000 225.9 / 211.6 rupture in weld  

2000 225.2 / 221.4 rupture in weld  

Rm BM =232 MPa Joint efficiency % 91 97  

1B 
1000 238.8 / 231.6 rupture in weld  

2000 213.6 / 213.0 rupture in weld  
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Rmmin BM =239 MPa Joint efficiency % 89  99  

2A 
1000 247.8 / 235.4 rupture in weld  

2000 231.6 / 228.8 rupture in weld  

Rmmin BM=256 MPa Joint efficiency % 91 99  

2B 
1000 236.4 /238.4 rupture in weld  

2000 234.8 / 236.4 rupture in weld  

Rmmin BM=260 MPa Joint efficiency % 90  92  

2C 
1000 222.0 / 221.0 rupture in weld  

2000 220.7 / 224.0 rupture in HAZ 

Rmmin BM=251 MPa Joint efficiency % 88  89  

3A 
1000 244.1 / 249.1 rupture in weld  

2000 258.9 / 261.2 rupture in weld  

Rmmin BM=303 MPa Joint efficiency % 81  86  

3B 
1000 245.2 / 240.0 rupture in weld  

2000 274.3 / 275.7 rupture in weld  

Rmmin BM=277 MPa Joint efficiency % 87  99  

However, the bend test with roller (angle up 180°) revealed that in the EB welded joints cracks occur 

(Table VI). Four specimens for each welding parameters were tested. The cracks up to 15 mm in lengths for 

some specimens were observed. 

Table VI Results of bend test of EB welded joints 

Symbol 
Welding speed 

mm/min 

Diameter of 

mandrel 

[mm] 

Remarks 

1A 
1000 

20 

Without cracks 

2000 Without cracks 

1B 
1000 3 - without cracks, 1 - crack 15 mm 

2000 Without cracks 

2A 
1000 

25 

3 - without cracks, 1 - crack 5 mm 

2000 Without cracks 

2B 
1000 Without cracks 

2000 Without cracks 

2C 
1000 3 - without cracks, 1 - crack 5 mm 

2000 3 - without cracks, 1 - crack 

3A 
1000 

30 
3 - without cracks, 1 - crack 15 mm 

2000 3 - without cracks, 1 - crack 5 mm 

3B 
1000 

40 
3 - without cracks, 1 - crack 3.5 mm 

2000 2 - without cracks, 2 - cracks 

Discussion 
It can be observed based on macroscopic examination of EB welded joints (Fig. 1), that for lower welding 

speed the widths of the welds are visible greater. This is caused by the higher amount of energy (see Tab. 

III) compared to higher welding speed. Moreover, for lower welding speed the shape of the welds is less 

uniform than for high welding speed (parallel fusion lines). However, it should be noted, that for lower 

welding speed the porosity of welds can be reduced [17]. 

In general, that porosity formation is mainly attributed to insufficient surface cleaning of base metal 

prior to welding and insufficient shielding. Then, porosity level can be remarkably reduced by careful 

mechanical and chemical cleaning of base metal prior to welding and by vacuum. This means that the levels 

of porosity in the welds are dependent on the EB welding technology including welding parameters as well 

cleaning procedure. Both preweld surface cleaning and optimized parameters can be effective. Based on 

results of macroscopic examination of cross section of EB welded joints the porosity was not detected.  

However, it should be also noted, that for high welding speed, the solidification cracking problem can be 

observed [18].  These cracks are attributed to high stress concentration at the centre of weld bead due to its 

concavity and its high depth/width ratio because of unacceptable excess penetration. In our investigation, 

the solidification cracks were not observed in visual tests as well as macroscopic examination. It was also 

revealed, based on microscopic examination, that cracks were not observed along the boundaries of equiaxed 

zone formed along the weld centreline, and they were not confirmed to be solidification cracks. Generally, 
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weld cracking in aluminium alloys can occur as a result of the aluminium relatively high thermal expansion, 

large change in volume upon solidification, and wide solidification temperature range. The investigated 

aluminium alloys with higher amount of Cu are known to be highly susceptible to weld cracks also in laser 

welding processes [18]. 

The microstructure in the weld, HAZ and initial material areas differs in terms of the distribution of 

fine-disperse phases inside the grains. In the tested materials (1A and 2B), a larger share of fine phases (β/Q) 

was observed outside the HAZ area. In the narrow HAZ zone, these phases were even finer, while in the 

weld, fine-disperse phases inside the grains were not observed. Due to the melting of the material, a 

characteristic dendritic structure was formed in the weld area (Fig. 2). Numerous elongated phases (>1 μm) 

were observed at the grain boundaries of the dendrites in the weld, rarely observed inside the grains. In the 

base material, due to the extrusion process, coagulated phases (>2 μm) were visible both inside the grains 

and at the boundaries. The conducted point chemical analyses (EDS) in micro-areas and based on the 

literature [19][20] show that these are phases of the following types: Q - AlSiMgCu, α- AlFeMnSiCu, β-Mg2Si. 

Previous results indicated [18] that the precipitation sequence in AlMgSi(Cu) alloy is considerably more 

complex, and the precipitates are more numerous and varied depending upon the relative amounts of the 

different solutes present, including Cu. These alloys are strengthened primary by the β” phase. Moreover, 

the presence of L and Q’ phase can be detected [20]. The L phase is different from Q’ and occurs as a precursor 

to Q’. Phases Mg2Si, AlFeMnSiCu, Q-AlSiMgCu in indicated areas of the welded joints can be also observed.   

The hardness measurements clearly revealed, the higher hardness occurs in the HAZ. It should be 

noted, however, that for the EB welded joints six different alloys at different content of alloying elements (see 

Table I) were used. The results reveal that the hardness in the base material is much lower than in HAZ. 

Moreover, it can be observed that the hardness in fusion zone is slightly higher than in base material. Lower 

hardness value was found in HAZ as well as fusion zone for higher welding speed (2000 mm/s), and higher 

hardness value was found in FZ at 1000 mm/s (see Table IV, Fig. 6 and 7). The lower welding speed caused 

the higher cooling time. The total heat input (see Table III) is higher. Thus, more IMC is formed during 

welding at 1000 mm/min. As is known, Intermetallic compound (IMC) are hard structures [21].  El-Batahgy 

et al. [18] revealed that, the hardness of 6061 EB weld metal and HAZ was significantly increased by the 

postweld aging treatment, where it became close to that of the base metal. However, in the frame of presented 

research the mechanical properties as well as microstructure of samples as – welded were analysis.  

Azadi and Kapranos [22] investigated the effects of EBW on microhardness and microstructural 

characterization of the 7075 aluminum alloy. Considering the microhardness values, it has been reported that 

the hardness of 130 HV in the BM increases up to 144 HV in the FZ. Balasubramanian et al. [23] examined 

the hardness changes of 7075 alloy in the TIG welding. They reported that the hardness, which was 136 HV 

in the BM, decreased in PMZ, and that it was at the lowest value (70–80 HV) in the FZ. 

It should be noted that the hardness distribution corresponds with the microstructure of parts of welded 

joints and reflects their heterogeneity (see Fig. 2-7). 

The properties of welded joints depend upon the chemical composition, the quality and the grain size 

of the deposit. These in their turn depend on the parent metal compositions (autogenous welding), the 

amount of dilution, the quality of the welding process and, lastly, the rate of solidification. Fast solidification 

rates will give a finer grain size and hence better mechanical properties than slow solidification rates (see 

Tab. III, 2C, 3A and 3B). Small weld beads therefore generally have better properties than large weld beads 

and a higher resistance to hot cracking. However, in the root pass, a small cross-section weld bead may 

increase the risk as it will be required to carry the contractional stresses and restrain. This phenomenon is not 

observed in our results. 

It can be noticed also that the lower strength in the weld metal can be accepted and compensated for in 

the design of final structures. It is clear that the post-weld aging treatment can be applied, and both tensile 

strength and elongation should increase to relation of the base metal. These improvements in the mechanical 

properties of postweld aged specimens are attributed to the reprecipitation of strengthening precipitates 

particles mainly of Mg2Si in both weld metal and HAZ [18]. However, in our investigation the post-weld 

aging treatment was not applied. The welding process as well as all tests on the aluminium alloys as delivery 

conditions (delivery state F) were carried out.  

The results confirm that the weldability as well as plasticity of AlSiMg(Cu) alloys is limited. All 

combined of tests allow to confirm the quality of final welded joints. The increase of Cu content cause 

increases the cracks sensitivity of alloys. The elongation alloys with high Cu content are limited up to 0.6% 

(see Tab. I). Therefore, during bend tests cracks can be observed.    
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Generally, to maintain the mechanical properties when welding aluminium alloys, the heat input and 

time of exposure to very high temperatures must be minimized. In comparison with arc welding processes, 

electron beam welding offers the benefits of low-heat input and extremely rapid cooling rate, all of which 

will help to minimize the metallurgical problems in the fusion zone. For example, high cooling rate will tend 

to slow down the development of blisters because of the short time in which the diffusion of hydrogen can 

take place. In addition, the low-heat input will tend to keep a very narrow HAZ then, retaining some to the 

strength of the material. Even though electron beam welding offers the advantages of a high energy density 

welding process, a vacuum chamber is required, which is not always practical [18].  

Conclusions 
In this study, an attempt to weld Al-Mg-Si alloys with higher content of Cu using EBW has been taken. 

This work aimed to check the possibility of joining a thermally unstable alloy with a simultaneous reduction 

of the heat input and avoiding excessive evaporation of the light elements with high vapor. From the 

conducted experiment, the following conclusions can be drawn: 

- the use of high-power intensity focused electron beam with optimized parameters and careful 

material preparation prior to welding can produce welds with high quality. Porosity as well as cracks were 

not observed in the welded joints. However, the welding imperfection such as incompletely filled groove 

and root concavity were detected. The level B and only for specimen 1A C level acc. to ISO 13919-2, were 

achieved.  

- for both welding speed full penetration of 5 mm thickness welded joint was achieved. However, welding 

speed of 2000 mm/min have resulted in narrow width of welds for all alloys. Moreover, more parallel 

fusions lines are observed. 

- in the case of 6xxx alloys with the addition of Cu, the morphology of the phases plays a key role in 

the strengthening of the welded joint. The appearance of β and Q precipitates will additionally lead to the 

strengthening of the metal. A significant evolution of AlFeMnSiCu precipitates after welding is also visible. 

- in comparison with different alloys has experienced severe deterioration in mechanical properties 

due to softening in the fusion zone resulting from dissolution of the strengthening precipitates in the weld 

metal and HAZ. However, the strength retention was about 81-99% of base material. For example, the 

strength of the welded joint of 3B alloy was 275 MPa (base material 277 MPa). Thus, the max joint efficiency 

is 99%. However, the bend tests indicated that cracks up 3.5 mm occurred.    
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