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Abstract: Owing to the greater precision of energy density control, the highest possible metallurgical purity of the
process and the lack of sensitivity to reflectivity and surface roughness, electron beam welding is a suitable method for
joining aluminium alloys. The paper presents results concerning the welding of aluminium alloy grades 6060 and 6061
as well as experimental alloys having higher copper contents. The tests discussed in the paper led to the obtainment of
joints characterised by a high strength of up to 289.7 MPa and the lack of unacceptable imperfections.
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Streszczenie: Spawanie wigzka elektrondéw, ze wzgledu na wieksza precyzje kontroli gestosci energii, najwyzsza mozli-
wa czystos¢ metalurgiczna procesu oraz brak wrazliwosci na wspétczynnik odbicia swiatta i chropowatos$é powier-
zchni, jest odpowiednia metoda taczenia stopéw aluminium. W niniejszym artykule przedstawiono wyniki spawania
stopéw aluminium w gatunku: 6060, 6061, a takze eksperymentalnych stopéw o podwyzszonej zawartosci miedzi. W
ramach badan uzyskano ziacza charakteryzujace sie wysoka wytrzymatoscia, nawet do 289,7 MPa, a takze brakiem
niedopuszczalnych niezgodnosci.

Stowa kluczowe: spawanie, wigzka elektronéw, aluminium, metalografia, mikrostruktury, wlasnosci mechaniczne

1. Introduction

Aluminium is one of the most frequently used materials
in the automotive, shipbuilding, railway, aviation, space
and nuclear power industries. Challenges accompanying
the joining of aluminium include its susceptibility to defor-
mation, the formation of oxide layers, sensitivity to process
purity, high thermal conductivity, high melting point, the
toxicity of welding fume as well as susceptibility to hot
cracking and porosity. Physical properties of aluminium
such as high thermal conductivity, high thermal expansion
coefficient, the lack discolouration at high temperatures
and large differences in melting points of the metal and its
oxide (~1400 °C) increase welding-related difficulties [1-5].

Arc welding methods (GTAW, GMAW, and PAW) are com-
monly industrially used in the joining of aluminium alloys.
However, in cases of the above-named welding methods,
the controllability of linear energy, density and energy
distribution is limited, thus precluding the prevention of
phenomena resulting from the thermal expansion of the
metal, its deformations or hot cracking. In terms of some
aluminium alloys, such as 6xxx series alloys, the welding
process entails the use of consumables of chemical com-
positions different to those of elements subjected to weld-
ing, which could further worsen properties of joints. Laser
beam or electron beam welding enable significantly great-
er precision in terms of energy density control by changing
the position of the beam focus and setting the beam into
oscillations of a given amplitude. Laser beam or electron

beam welding processes are also (mostly) fully automated
or robotic [2-5].

In addition, if a given structure contains heat-sensitive
parts located near welded joints, welding processes char-
acterised by high energy density (such as electron beam
welding (EBW)) are the best when it comes to welding al-
uminium [2-5].

It should also be noted that the laser welding of alumini-
um is additionally complicated by the susceptibility of the
technology to high laser light reflectivity from the surface
of the material subjected to welding. In addition, laser
welds are often characterised by increased porosity [2-5].

In view of the foregoing, the electron beam welding pro-
cess appears to be the most suitable method for the joining
of elements made of aluminium alloys.

2. Overview of reference publications

Researchers from an international team (M. Lipiniska et
al.) [6] performed tests involving the electron beam welding
process and specimens made of variously-grained Al-Mg-Si
alloys. The welding parameters were selected in a manner
enabling the reduction of linear energy and, consequently,
the heat affected zone (HAZ) as well as the evaporation of
chemical elements characterised by high saturated vapour
pressure. The ultra-fine-grained microstructure (UFG) of
one of the alloys enabled the obtainment of smaller grains
in the fusion zone (FZ) and heat affected zone (HAZ), which
led to the higher mechanical strength of the weld than that
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of welds made of alloys characterised by the lower degree
of grain refinement (i.e. coarse-grained microstructure).
The tensile strength of a joint made of the coarse-grained
alloy (CG) amounted to 80 %, whereas that of the UFG
specimen was 68 % (i.e. 82 % if compared with the coarse-
grained base material). The reasons for the deterioration
of the mechanical properties of the fusion zone (FZ) in-
cluded the dissolution of precipitates hardening the alloy
structure and an increase in the grain size. The process was
also accompanied by the greater evaporation of Mg (alloy-
ing element) and Zn (impurity). During the tensile tests,
both specimens (welds) ruptured in the fusion line.

South-Korean researchers (Soo-sung Kim et al.) [7] per-
formed tests aimed to develop the electron beam welding
process usable in the fabrication of a system of plates sup-
porting nuclear fuel rods. The researchers performed initial
tests concerning the fabrication of fuel plates, taking into
account welding process efficiency when using aluminium
alloy grade AA6061-T6. The tests led to the obtainment of
optimum welding parameters in relation to the fuel plate
unit in terms of accelerating voltage, beam current and
welding time. Welds made using the optimum parameters
were characterised by lower tensile strength than that of
the specimens not subjected to welding. The strength of the
specimens constituted 52 % of the base material strength as
regards the specimens subjected to tension in transverse di-
rection (in relation to the rolling direction) and 58 % of the
base material strength as regards the specimens subjected
to tension in the direction parallel to rolling.

A Greek team led by Nikolaos Alexopoulos tested [8]
mechanical properties of electron beam welded speci-
mens made of aluminium alloy 6156. Sheets made of alloy
AA6156 were subjected to pre and post-weld artificial age-
ing (at a temperature of 170 °C), whereas specimens used in
tensile tests were prepared in accordance with the ASTM E8
standard. The time of processing corresponded to various
types of precipitation hardening. The test results revealed
that welding not accompanied by heat treatment led to the
reduction of the yield point by approximately 100 MPa,
whereas elongation at rupture did not exceed 4 %. The tests
also revealed that pre-weld artificial ageing increased plas-
ticity at tension (elongation at tension increased by half),
whereas post-weld artificial ageing significantly increased
mechanical properties (strength constituted more than
75 % of that of the base material).

Fatih Hayat tested [9] the electron beam welding (EBW)
of aluminium alloys of series 7075. The welding process
was performed using two different values of welding cur-
rent (i.e. 20 mA and 25 mA). The test specimens were sub-
jected to tensile tests aimed to identify mechanical prop-
erties. Other tests included the investigation of surfaces in
the area of rupture as well as microhardness tests and tests
involving the use of scanning electron microscopy (SEM)
and energy dispersive spectrometry-based analysis (EDS).
The SEM tests included the examination of microstructural
changes in welded joints in the base material (BM), heat
affected zone (HAZ) and in the fusion zone (FZ). The post-
weld (EBW) results revealed an increase in microhardness
in the fusion zone (FZ) in comparison with that of the base
material (BM) and in the heat affected zone (HAZ). The
lowest hardness was observed in the HAZ. The researchers
attempted to identify intermetallic compounds in the fu-
sion zone and the effect of chemical elements on cracking.
In relation to 20 mA and 25 mA, the joints made of alloy
7075 and subjected to tensile tests underwent brittle crack-
ing. It was possible to observe an increase in the amount of
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Cu at the area of rupture. The aforesaid increased presence
of copper triggered the cracking of the joints, particularly
of that made using higher current; the joint was also char-
acterised by lower tensile strength (i.e. 297 MPa and 256
MPa respectively).

The authors of another research work (P. Wanjarai et al.)
[10] performed tests involving electron beam welded joints
made of aluminium alloy AA2024. The tests revealed that, in
terms of the butt welding of 5 mm thick plates, there was a
threshold value of beam current, the exceeding of which led
to the formation of incompletely filled grooves which failed
to meet quality-related criteria. In cases of beam focusing,
a change of the focal point position from the surface to a
position below the bottom part of the plate indicated that
weld shape regularity and quality were optimum when the
beam was focused near the centre of the workpiece thick-
ness. The tests also revealed that welding with the non-oscil-
lating beam followed by subsequent smoothing of the bead
produced more favourable results than the welding process
involving the use of the oscillating beam and without sub-
sequent smoothing. As a result, the optimum conditions
during the welding of AA2024 included the beam focused at
the centre of the plate thickness, the use of the non-oscil-
lating beam, an input power of 2.5 kW and a welding rate
of 34 mmy/s. In relation to the above-presented conditions,
the weld microstructure contained the columnar dendritic
structure with precipitates rich in copper in the interden-
dritic areas. The authors stated in the summary that the
electron beam welded joints were characterised by hardness
in the weld area similar to that typical of TIG-welded joints
or laser beam welded joints. However, smaller dimensions
of the electron beam weld translated into smaller structural
changes and, consequently, the lower reduction of material
properties.

The authors (Olshanskaya TV. et al.) from the Perm Na-
tional Research Polytechnic University [11] performed re-
search concerning the EBW technology involving the de-
bunching of the beam and assessed the applicability of the
dynamic electron beam positioning when welding alumini-
um alloy AIMg6. The beam was debunched into three (sub)
beams using oscillation. The aforesaid method is referred to
as multi-beam welding. The investigation of the effect of the
debunched beam on the geometric characteristic of welds
necessitated the performance of a series of experiments
with the three-level planning matrix. The tests resulted in
the identification of the correlation between depth, width
as well as shape and penetration depth coefficients and the
primary welding process parameters in relation to electron
beam current, welding rate, beam exposure time at every
spot and distances between individual beams. It was found
that the obtainment of imperfection-free electron beam
welds made of aluminium AIMg6 using the debunched beam
required the conical shape of the weld with the rounded
root. The EBW method involving the use of the debunched
beam (multiple-beam welding) reduced material penetrabil-
ity (by the beam) in comparison with that obtainable using
the single electron beam process. The greatest effect on the
weld depth was associated with the time of electron beam
effect on each of gasodynamic channels formed during the
test (during the so-called key-hole welding). The authors
found that the obtainment of the maximum depth of pen-
etration necessitated the significantly longer time of elec-
tron beam effect in the second gasodynamic channel than
that in the first one. It was also observed that in increase in
beam current was accompanied by increased penetrability,
yet also by the reduced number of possible debunching.
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However, the aforesaid situation decreased the number of
possible debunching patterns enabling the obtainment of
imperfection-free welds.

In one of the chapters of publication entitled Thermo-
mechanical Industrial Processes: Modelling and Numeri-
cal Simulation [12] the authors describe FEM-based sim-
ulations of phenomena taking place during the electron
beam welding of aluminium alloys of series 6061. The
researchers observed that the rapid heating of the mate-
rial to the melting point (by the electron beam) followed
by very fast cooling triggered phenomena (in the materi-
al) significantly different to those occurring during other
technological processes. It was ascertained that the mod-
elling of the weld necessitated the identification of materi-
al properties at high temperature. Data from stress-strain
curves (already published) did not include short times of
microstructure formation during electron beam welding,
which significantly affected results obtained in the tests.
In their study, the authors proposed a phenomenological
model of estimating hard and soft phases as well as corre-
sponding mechanical properties. The experimentally ob-
served stress-strain curves were successfully modelled in
actual tests.

Article [13] by another team of Russian researchers (A.P.
Sliva et al.) presents results of tests concerning the effect of
electron beam oscillation on the geometry of joints made
of aluminium alloys. It was demonstrated that the use of
EBW with longitudinal oscillation combined with the ap-
propriate frequency and amplitude of oscillation led to the
generation of “lifting” force. The aforesaid force affected
the weld pool metal, enabling the uninterrupted outflow of
the metal from the weld root. The maximum liquid metal
“lift” was observed in relation to a frequency of 35 Hz and
an amplitude of 1 mm (for 12 mm thick aluminium alloys
and a welding rate of 1500 mm/min). The above-presented
effect could be used with EBW materials characterised by
large thickness and uniform penetration, making it possi-
ble to prevent the formation of the welding imperfection
typical of the EBW process, i.e. non-uniform and repeata-
ble excess weld metal in the root. Depending on the thick-
ness of joints subjected to welding, it was necessary to ap-
propriately adjust frequency so that resultant force could
compensate gravity. In terms of the electron beam welding
of the 12 mm thick AIMg3 alloy, the highest quality of joints
was observed in relation frequency restricted within the
range of 90 Hz do 110 Hz.

A Japanese team led by Fujii Hidetoshi from Osaka Uni-
versity [14] performed research concerning the formation of
porosity during the electron beam welding (EBW) process.
The electron beam welding and TIG welding of aluminium
alloys were performed both in normal gravity and micro-
gravity environments. The authors proposed a new expla-
nation concerning the mechanism responsible for the for-
mation of porosity (simultaneously pointing to the common
opinion that the primary factor responsible for porosity for-
mation in aluminium alloys was hydrogen). The test results
led to the conclusion that porosity was formed as a result
of a reaction taking place between molten aluminium and
Al,0,, leading to the formation of AlL,O. The observations
made during the tests were the following:

« Porosity was formed only under vacuum during electron
beam welding.

« Porosity was only located in the upper part, whereas hy-
drogen-induced porosity was located widely in the upper
half. The above-named observation implied that the po-
rosity was the result of a chemical reaction taking place
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at the highest temperature and not because of the redu-
ced content of dissolved substance.

« Porosity (number of pores) was significantly reduced un-
der microgravity conditions (during EBW), yet it incre-
ased during TIG welding when the process was shielded
by gas containing hydrogen.

« Porosity (number of pores) increased along with the in-
creased thickness of the oxide layer.

The comparison concerning the possibility of joining al-
uminium alloys using the electron beam welding and fric-
tion stir welding methods was also the subject of research
performed by a Polish team composed of, among others,
researchers from the kukasiewicz Research Network -
Upper Silesian Institute of Technology. Article [15] presents
results concerning the joining of alloy EN AW-6082 T6. The
FSW process was performed using a linear welding rate of
355 mm/min and a tool rotation rate of 710 rpm. In turn,
the EBW process was performed using accelerating volt-
age U =120 kV, beam current I = 18.7 mA and welding rate
v = 1600 mm/min. The parameters used during smoothing
melting included U =80 kV, I =17 mA and v =700 mm/min.
The test joints were subjected to complex microstructural
tests (involving the use of light microscopy (LM), scanning
electron microscopy (SEM) and transmission electron mi-
croscopy (TEM)), tests of mechanical properties (tensile
tests and hardness measurements) as well as tests con-
cerning the topography of cracks after the tensile test. The
test results revealed that the mechanical properties of the
EBW joints were reduced by 23 % in comparison with those
of the base material. In turn, the mechanical properties of
the FSW joints were reduced by 38 % in comparison with
those of the base material. It was also possible to observe the
reduction of elongation. In relation to the FSW joints, elon-
gation amounted to 7.2 %, whereas in relation to the EBW
joint, elongation amounted to 2.7 %. In addition, in terms
of the EBW joints it was possible to observe the evaporation
of magnesium from the weld during the welding process. In
turn, in the FSW joints it was possible to observe the dissolu-
tion of Mg2Si particles (responsible for the hardening of the
material during heat treatment) to state T6.

A Chinese team of researchers [16] (Xiaohong Zhan et al.)
performed tests involving the making of joints using laser
beam welding (LBW) and electron beam welding (EBW).
The LBW joints were made using a laser power of 2.3 kW
and a welding rate of 2500 mm/min, whereas the EBW joints
were made using a power of 0.9 kW, an accelerating voltage
of 60 kV and a welding rate of 1000 mm/min. The joints were
made of 3 mm thick aluminium sheets (grade 5A06). The
cross-sectional area of the weld made using the LBW process
amounted to 4.34 mm®, whereas the cross-sectional area of
the weld made using the EBW process amounted to 2.6 mm®.
As can be seen, the cross-sectional area of the weld made
using the EBW method constituted 59.91 % of cross-section-
al area of the weld made using the LBW process. The weld
made using the LBW method contained significant porosity,
as opposed to the weld made using the EBW method. In ad-
dition, the weld made using the LBW method was character-
ised by a greater grain size than that observed in the weld
made using the EBW method. Also, the mean hardness of
the weld made using the LBW method was lower than that
identified in the weld made using the EBW method. The ten-
sile strength of the base material amounted to 377.92 MPa.
The tensile strength values of the LBW and EBW-made welds
amounted to 221.41 MPa and 289.41 MPa respectively. Ac-
cording to the authors, the quality of the EBW joints was
higher than that of the LBW joints.



The overview of reference publications discussed in the
previous part of the article led to the conclusion that the
electron beam welding of aluminium alloys was preferable
as it enabled the obtainment of the highest quality of weld-
ed joints. Because of high energy density, the possibility of
controlling beam focus and oscillation as well as the due to
the possible debunching of the beam, the method enabled
the control of process linear energy and weld shape ensur-
ing the satisfaction of quality-related criteria for welds made
of most aluminium alloys usable in welding processes. In
addition, the performance of the process under vacuum
translated into the highest possible metallurgical purity of
the former.

However, it should be noted that the EBW process is not
without disadvantages. Because of the entirely different
nature of the heat source and specific process conditions,
the phenomena taking place when welding by means of
the EBW method are different from those accompanying
other metal joining process. For this reason, mechanisms
responsible for the formation to porosity, post-weld stress-
es and strains as well as phenomena or welding imperfec-
tions characteristic of the method (e.g. “intermittent” weld
root or the evaporation of some chemical elements consti-
tuting the weld) should be particularly taken into account
when designing welded joints made of aluminium alloys
and selecting an appropriate alloy grade.

Table 1. Chemical compositions of the materials used in the tests

3. Tests and results

All the tests discussed in the remainder of the article
were performed at Lukasiewicz Research Network - Up-
per-Silesian Institute of Technology.

The research-related tests included the following tests and
activities:

« making of test joints using previously determined we-
lding parameters,

- visual tests (VT),

- macro and microscopic metallographic tests,

- tensile tests,

+ bend tests,

+ hardness measurements.

The welding of test joints was performed using an
Xw150:30/756 electron beam welding and surface process-
ing machine (Cambridge Vacuum Engineering). The macro
and microscopic tests were performed in accordance with
the requirements of the PN-EN ISO 17639: 2013-12 stand-
ard [17]. Microscopic observations were performed using
an Eclipse MA200 microscope (Nikon). The assessment of
welding imperfections (if any) was performed in accord-
ance with the requirements specified in the PN-EN ISO
13919-2:2021-07 standard [18]. The tensile tests were per-
formed in accordance with the requirements of the PN-EN

Si Fe Cu Mn Mg Cr Zn Ti Other
Alloy . . . Al
Min. Max. Min. Max. Max. Max. Min. Max. Max Max Max. Max.
6060 0.30 0.60 0.10 0.30 0.10 0.10 0.35 0.60 0.05 0.15 0.10 0.15 bal.
6061 0.40 0.80 0.00 0.70 0.40 0.15 0.80 1.20 0.35 0.35 0.25 0.15 bal.
1A 1.00 0.00 0.60 0.60 0.70 0.25 0.00 0.02 - bal.
1B 1.00 0.00 0.80 0.60 0.70 0.25 0.00 0.02 - bal.
2A 1.20 0.00 0.80 0.60 0.80 0.25 0.00 0.02 - bal.
2B 1.20 0.00 1.00 0.60 0.80 0.25 0.00 0.02 - bal.
2C 1.20 0.00 0.80 0.60 0.80 0.25 0.40 0.02 - bal.
3A 1.20 0.00 1.20 0.60 0.80 0.40 0.00 0.02 - bal.
3B 1.20 0.00 1.40 0.60 0.80 0.40 0.00 0.02 - bal.

Fig. 1. Joint made of alloy grade 6060: a) main view, b) weld face and c) weld root
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Fig. 2. Cross-sections of the joints made of the following alloy grades:

a) 6060, v=1000 mm/min, b) 6060, v=2000 mm/min, c) 6061, v= 1000 mm/min,
d) 6061, v=2000 mm/min, e) 1A, v=1000 mm/min, f) 1A, v= 2000 mm/min,

g) 1B, v=1000 mm/min, h) 1B, v= 2000 mm/min, i) 2A, v= 1000 mm/min,

j) 2A, v=2000 mm/min, k) 2B, v=1000 mm/min, 1) 2B, v= 2000 mm/min,

m) 2C, v=1000 mm/min, n) 2C, v=2000 mm/min, o) 3A, v= 1000 mm/min,

p) 3A, v=2000 mm/min, r) 3B, v=1000 mm/min, s) 3B, v=2000 mm/min
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Welding

Fig. 3. Microstructures of the HAZ in the
joints made of alloy grades: a) A16060,

b) Al6061, c) 1A, d) 1B, e) 2A, f) 2B, g) 2C,
h) 3A,1) 3B




ISO 4136:2013-05 standard [19], using a C45.105E testing
machine (MTS Criterion). The bend tests were performed
in accordance with the requirements specified in the PN-
EN ISO 5173:2010 standard Destructive tests on welds in
metallic materials. Bend tests. [20] The tests involved the
use of a dedicated testing machine (developed by Eukasie-
wicz - GIT) used for bend tests and involving the use of
a roller. The hardness measurements were performed in
accordance with the requirements specified in the PN-EN
ISO 22826:2021-08 standard Destructive testing of welds in
metals — Test of hardness of narrow joints welded by laser
and electron beam (hardness tests by Vickers and Knoop
method) [21], using a KB50BYZ-FA hardness tester.
The welding process parameters were the following:
+ accelerating voltage: 80 kV,
+ beam current restricted within the range of 28.5 mA to
25 mA (decreasing along the joint length) in relation to
a travel rate (welding rate) of 1000 mm/min,
« beam current restricted within the range of 37 mA to
34 mA (decreasing along the joint length) in relation to
a travel rate (welding rate) of 2000 mm/min,
+ cathode heater current: 21 A,
« focal length: 470 mm,
« focusing current: 530 mA,
« oscillation shape: circular,
« oscillation frequency: 100 Hz,
+ oscillation amplitude: 1 mm.

Exemplary joints (made of alloy grade 6060) are present-
ed in Figure 1.

The cross-sections of all the joints are presented in Fig-
ure 2. Except for the joints made of aluminium alloy grade
6061, i.e. 1A and 3B, represented quality level B. In addi-
tion, all the joints represented quality level C. The assess-
ment of welding imperfections was performed in accord-
ance with the recommendations contained in the PN-EN
ISO 13919-2:2021-07 standard [18].

After the macroscopic tests, the joints were observed
using scanning electron microscopy. To reveal their struc-
ture, the joints were etched in a mix composed of 65 % H,0,
20 % of concentrated nitric acid, 20 % of concentrated hy-
drochloric acid and 5 % of hydrofluoric acid. The micro-
structures revealed in the tests did not differ significantly.
Figure 3 presents the HAZ microstructures in all of the
joints welded at a rate of 2000 mm/min.

In the weld material of each joint it was possible to ob-
serve the clearly visible fusion line as well as columnar and
equiaxial crystallites. Most of the weld microstructures
contained easily visible intercrystalline spaces. The base
material contained clearly visible precipitates of varied
dispersion, the concentration of which changed in relation
to specific alloys; the highest concentration was observed
in the alloys of series 3 (particularly 3B), whereas the low-
est concentration was observed in alloy A16060.

The subsequent stage involved the performance of hard-
ness measurements. Figures 4-12 present hardness distri-
bution in the cross-sections of the test joints.

In cases of the joints made of experimental alloy grades
it was possible to observe a reverse tendency, i.e. the HAZ
and the weld of the joints were characterised by an in-
crease in hardness (particularly in the HAZ). In terms of
alloys 1A, 1B, 2A, 2B and 2C (Figures 8 through 12) it was
possible to observe a welding-triggered increase in hard-
ness from approximately 60 HV in the base material to ap-
proximately 90 HV (i.e. by 50 %) in the HAZ and a decrease
to approximately 80 HV (i.e. by 11 %) in the weld. In turn,
the joints made of alloys 3A and 3B (Figures 13 and 14) were
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Fig. 4. Cross-sectional hardness distribution in the welded joint
made of aluminium alloy grade 6060
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Fig. 5. Cross-sectional hardness distribution in the welded joint
made of aluminium alloy grade 6061
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Fig. 7. Cross-sectional hardness distribution in the welded joint
made of aluminium alloy grade 1B
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made of aluminium alloy grade 2A
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Fig. 9. Cross-sectional hardness distribution in the welded joint
made of aluminium alloy grade 2B
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Fig. 11. Cross-sectional hardness distribution in the welded joint
made of aluminium alloy grade 3A
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Fig. 10. Cross-sectional hardness distribution in the welded joint
made of aluminium alloy grade 2C
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Fig. 12. Cross-sectional hardness distribution in the welded joint
made of aluminium alloy grade 3B

Table 2. Tensile test results concerning the joints made of the commercial aluminium alloys

. . Acceptance
Alloy symbol Specimen number Welding ?a“’ Tensile strength criterion Rupture location
[mm/min] R, [MPa]
! Rm min [MPa]
1.1 165.9 in the weld
1000
1.2 165.3 in the weld
AW6060 T6 110.5
2.1 162.2 in the weld
2000
2.2 164.8 in the weld
1.1 230.3 in the weld
1000
1.2 225.0 in the weld
AW 6061 188.5
2.1 230.1 in the weld
2000
2.2 226.1 in the weld

characterised by an increase in hardness from approxi-
mately 70 HV in the base material to approximately 110 HV
(i.e. by 57 %) in the HAZ and a decrease to 85 HV (by 22 %)
in the weld.

The subsequent stage involved the performance of trans-
verse tensile tests of all the joints; each joint was subjected
to two tests. The test results concerning the joints made of
alloy grades 6060 and 6061 are presented in Table 2, where-
as the test results concerning the joints made of experi-
mental alloys are presented in Table 3. The determination
of the acceptance criterion for the specimens made of ex-
perimental alloys necessitated the performance of tensile
tests involving each material. The acceptance criterion
presented in Tables 2 and 3 constituted 65 % of the meas-
ured base material tensile strength.

All the joints subjected to the tensile tests satisfied the re-
quired criterion, i.e. R, min. > 65 % R, of the base materi-
al. In addition, all the specimens (except for the specimen
made of alloy 2C using a welding rate of 2000 mm/min as
well as the specimens made of alloy grades 6060 and 6061)
ruptured in the base material. It was also observed that an
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increase in the content of copper was accompanied by an
increase in the strength of the welded joints from 160 MPa
(alloy 6060) up to as many as approximately 280 MPa (al-
loy 3B). The increased hardness in the HAZ and in the weld
as well as the fact that most of the specimens made of the
experimental alloys ruptured in the base material indicat-
ed the electron beam welding-triggered hardening of the
alloy. The reason for the above-presented phenomenon
should be the subject of further research using more ad-
vance X-ray techniques and electron microscopy.

The final stage involved the performance of bend tests
(including all the welded joints). Before the tests, exces-
sively large reinforcements (excess weld metal) on the
weld face or excess weld metal on the root (if any) were
ground off. Afterwards, each joint was subjected to two
face bend tests and two root bend tests. The joint made of
alloy 6060 was bent using a bending pin having a diameter
of 15 mm. The joints made of alloy grades 1A and 1B were
bent using a bending pin having a diameter of 20 mm. The
joints made of alloy grades 6061, 2A, 2B and 2C were bent
using a bending pin having a diameter of 25 mm. The joint
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Table 3. Tensile test results concerning the joints made of the experimental aluminium alloys

. . Acceptance
Alloy symbol Specimen number Welding f-ate Tensile strength criterion R, i, Rupture location
[mm/min] R, [MPa]
[MPa]
1A.1/1 225.9 outside the weld
1000
1A.1/2 211.6 outside the weld
1A 151.5
1A.2/1 225.2 outside the weld
2000
1A.2/2 221.4 outside the weld
1B.1/1 238.8 outside the weld
1000
1B.1/2 231.6 outside the weld
1B 156.0
1B.2/1 213.6 outside the weld
2000
1B.2/2 213.0 outside the weld
2A.1/1 247.8 outside the weld
1000
2A.1/2 235.4 outside the weld
2A 163.8
2A.2/1 231.6 outside the weld
2000
2A.2/2 228.8 outside the weld
2B.1/1 236.4 outside the weld
1000
2B.1/2 238.4 outside the weld
2B 169.0
2B.2/1 234.8 outside the weld
2000
2B.2/2 236.4 outside the weld
2C.1/1 222.0 outside the weld
1000
2C.1/2 221.0 outside the weld
2C 163.2
2C.2/1 220.7 w SWC
2000
2C.2/2 224.0 w SWC
3A.1/1 244.1 outside the weld
1000
3A.1/2 249.1 outside the weld
3A 197.0
3A.2/1 258.9 outside the weld
2000
3A.2/2 261.2 outside the weld
3B.1/1 245.2 outside the weld
1000
3B.1/2 240.0 outside the weld
3B 180.7
3B.2/1 274.3 outside the weld
2000
3B.2/2 289.7 outside the weld

made of alloy 3A was bent using a bending pin having a di-
ameter of 30 mm. The joint made of alloy 3B was bent using
a bending pin having a diameter of 40 mm. The diameters
of the bending pins were selected in accordance with the
requirements specified in the PN-EN ISO 5173:2010 stand-
ard Destructive tests on welds in metallic materials. Bend
tests [20] and identified on the basis of the results of previ-
ously performed tensile tests involving base materials. The
bend angle amounted to 180°. The joint made of alloy grade
1B using a welding rate of 1000 mm/min, subjected to the
root bend test contained a crack having a length of 15 mm.
It was possible to notice 5 mm long cracks in the speci-
mens made of alloy grades 2A and 2C (1 piece each) using
a welding rate of 1000 mm/min and subjected to bending
on the weld root side. A crack across the entire width was
observed in the specimens made of alloy grades 2C, 3A and
3B (1 piece each) using a welding rate of 2000 mm/min and
subjected to bending on the weld face side. It was also pos-
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sible to notice 10 mm long cracks in the specimens made of
alloy grade 3A using a welding rate of 1000 mm/min and in
the specimens made of alloy grade 3B using a welding rate
of 2000 mm/min and subjected to bending on the weld root
side. The remaining specimens did not contain any cracks
or discontinuities.

4. Conclusions

The visual tests and macroscopic metallographic tests
revealed that most of the joints represented quality level B
(except for the joints made of aluminium alloy grade 6061,
i.e. 1A and 3B, representing quality level C). The assessment
of the joints was performed following the requirements
specified in the PN-EN ISO 13919-2:2021-07 standard.

All the joints subjected to the tensile tests satisfied the re-
quired criterion, i.e. Ry, min. > 65 % R, of the base material.
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In addition, all the specimens (except for the specimen
made of alloy 2C using a welding rate of 2000 mm/min as
well as the specimens made of alloy grades 6060 and 6061)
ruptured in the base material.

It was observed that an increase in the content of cop-
per was accompanied by an increase in the strength of the
welded joints from 160 MPa (alloy 6060) up to as many as
approximately 280 MPa (alloy 3B)

The analysis of hardness measurement results concern-
ing alloys 1A, 1B, 2A, 2B and 2C revealed a welding-trig-
gered increase in hardness from approximately 60 HV in
the base material (BM) to approximately 90 HV (i.e. by
50 %) in the heat affected zone (HAZ) and a decrease to ap-
proximately 80 HV (i.e. by 11 %) in the weld. In turn, the
joints made of alloys 3A and 3B were characterised by an
increase in hardness from approximately 70 HV in the BM
to approximately 110 HV (i.e. by 57 %) in the HAZ and a
decrease to 85 HV (by 22 %) in the weld.

The increased hardness identified in the HAZ and in the
weld as well as the fact that most of the specimens made of
the experimental alloys (except for the joint made of alloy
2C using a welding rate of 2000 mm/min) ruptured in the
base material indicated the electron beam welding-trig-
gered hardening of the alloy. The reason for the above-pre-
sented phenomenon should be the subject of further re-
search using more advance X-ray techniques and electron
microscopy

Because of the post-bend test presence of unacceptable
cracks, the joints made of alloy grades 1B, 2A, 2C and 3A
using a welding rate of 1000 mm/min as well as the joints
made of alloy grades 2C, 3A and 3B using a welding rate of
2000 mm/min failed to meet the requirements of the PN-
EN ISO 5173:2010.

The microscopic metallographic tests did not reveal the
presence of unacceptable welding imperfections (e.g. mi-
crocracks) in the joints.

Article submitted to the 28th Scientific and Technical National
Welding Conference “Progress, innovations and quality require-
ments of welding processes”(Miedzyzdroje, 21-23.05.2024 1.)
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