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ABSTRACT
The influence of the focusing current of electron beam welding on the nature of the formation of welded joints of aluminium 
2219 alloy was investigated. It was established that when the focusing current increases, the width of the face weld grows. and 
the width of the weld root depends on the real position of the electron beam focus relative to a sharp focus on the metal surface 
(639 ma). Dependence of the focusing current on the distribution of copper and aluminium in the weld metal was revealed. 
an increase in the focusing current from 629 to 649 ma led to an increase in the copper content in the interdendritic regions. 
energy dispersion X-ray analysis showed that the microstructure of the welded joint produced at the focusing current of 629 
mA, consists of equiaxial dendrites with embedded small particles, pores and α+θ-Al2cu eutectic, separated in the interden-
dritic regions.

KEYWORDS: electron beam welding, assembly and welding equipment, aluminium alloy, energy dispersive X-ray spectros-
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INTRODUCTION
aluminium 2219 alloy is a high-strength alloy con-
sisting of aluminium, copper and manganese, which 
combines good treatment ability and qualitative me-
chanical properties. products of this alloy can be used 
in the temperature range from –270 to 300 °c. at the 
same time, the alloy has higher mechanical proper-
ties compared to wrought alloys of the al–Mg alloy-
ing system [1]. this alloy is a light metallic material 
with several desirable properties: low density, high 
specific strength and rigidity. Therefore, it is widely 
used in automotive, aircraft, aerospace and other in-
dustries that require lightweight structures [2]. the 
use of 2219 alloy became particularly widespread in 
the aerospace industry, namely, in the manufacture of 
rocket bodies, fuel tanks, chassis elements and other 
structural assemblies.

In welding alloys of the Al‒Cu‒Mg system, diffi-
culties are caused by a great susceptibility of the weld 
metal to the formation of pores and crystallization 
cracks (especially typical for alloys based on alumin-
ium). In welding alloys of an increased strength, cold 
cracking is observed. A significant shrinkage during 
weld crystallization, as well as high linear expansion 
coefficient lead to considerable residual deformations. 
In welding of hardened aluminium and thermally 
strengthened aluminium alloys, the strength of the 
welded joint is reduced compared to the strength of 
the base metal, which creates certain problems. sig-

nificant difficulties arise as a result of light oxidation 
of aluminium in solid and molten states. the formed 
refractory film of aluminium Al2O3 oxide hinders the 
weld formation and it is a source of nonmetallic inclu-
sions in the weld metal.

electron beam welding (eBW) compared to other 
types of welding these types of alloys has several ad-
vantages. the welding process runs in vacuum, which 
is important for chemically active alloys. It is also fea-
tured by a quick process of heating and cooling of the 
metal, which in turn determines the minimal soften-
ing of welded joints, and the maximum level of their 
strength properties. temporary inner stresses do not 
have time to affect the solidified metal, i.e., crystalli-
zation cracks have no time to arise. for high-strength 
aluminium alloys, it is possible to avoid metal soften-
ing in the near-weld zone at high welding speeds that 
provide minimal thermal influence on the base metal 
[3]. the use of eBW allowed reducing the volume of 
molten metal of the weld pool and dimensions of the 
heat-affected zone (haZ) and this led to a decrease in 
the rate of growth of elastic-plastic deformations in 
the temperature range of brittleness and an increase in 
the margin of technological strength of material to be 
welded [4, 5].

to produce welded joints with the required prop-
erties, it is necessary to optimize eBW parameters. 
the focusing current is one of the main eBW param-
eters, which affects the focus position and, thus, the 
total power density created by the electron beam on 
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the surface of the materials to be welded. until now, 
there is no information on the study of the influence 
of the focusing current on the microstructure and the 
mechanical properties of aa2219 alloy welded by 
electron beam. Only individual authors investigated 
the influence of the focus position and the angle of 
incidence of the beam on the behaviour of the molten 
pool in the welding aa2219 alloy. It was found that 
the smallest porosity in the welds of aa2219 alloy 
was observed when the focus was applied by 8 mm 
lower than the surface of the metal to be welded [6]. 
at the moment, other results of studying the alloy, 
considered in the work, are unknown. the studies and 
obtained results are unique and contribute to explain-
ing the influence of the focusing current on the geom-
etry and microstructure of welded joints of aluminium 
2219 alloy.

the aim of this work is to investigate the effect of 
the eBW focusing current on the geometry and mi-
crostructure of welded joints of aluminium 2219 alloy 
at a constant input energy of welding and accelerating 
voltage.

PROCEDURE OF WORK PERFORMANCE
for the study, the plates of aluminium 2219 alloy of 
10 mm thickness were used.

the chemical composition of the base material of 
aluminium 2219 alloy was measured using the X-ray 

fluorescence spectroscopy. For measurements, the 
portable X-ray Delta line analyzer of the Innov-X 
company was used. the chemical composition was 
measured in three different places and average values 
were calculated. Xrf results are given in table 1. a 
small amount of zirconium (0.1 wt.%) causes a change 
in grain, namely, reduces the grain size of the alloy.

the point eDs analysis of a local chemical com-
position was performed in an equiaxial zone near 
the penetration boundary for welded joints produced 
during focusing currents of 629 and 649 ma.

the chemical composition was analyzed using the 
energy dispersive X-ray spectroscopy method (eDs): 
JeOl 7600f seM feg with X-max 50 mm2 analyzer 
of the Oxford Instruments company.

the welding process took place in an electron 
beam welding installation of ul-209M type.

The configuration of the installation involves a 
movable intrachamber welding gun with a computer 
numerical control (cnc) for movement of a cantile-
ver type. this mechanism provides a linear movement 
along the three cartesian coordinate axes (along the 
chamber — X, across — Y and vertical — Z), as well 
as the inclination of the gun at an angle of 90° in the 
Z–X plane (from the “vertical” position of the gun 
to the “horizontal”). In this case, this “inclination” 
is performed by rotating the entire cantilever beam, 
which is the base of the mechanism for movement 
along the Y axis. the beam itself can move freely in 
the Z‒X plane within most dimensions of the welding 
chamber.

the welding gun unit can have an additional de-
gree of freedom — rotation axis of the gun in a plane 
parallel to the Y axis — usually at ± 45° (i.e., axis of 
this rotation is perpendicular to the Y axis).

the installations of this type are completed with a 
high-voltage welding source with a capacity of 15 %, 
30 or 60 kW (at an accelerating voltage of 60 kv) 
depending on the specific materials to be welded and 
their thickness.

for welding of plates of different sizes, assembly 
and welding equipment was developed, in which a 
batch of butt joints with a through penetration at dif-
ferent welding parameters was welded.

It is known that due to a high thermal conductivity 
of aluminium, special requirements are specified to 
the types of welded joints. the uniform weld forma-
tion is achieved only at a symmetrical arrangement 
of the heating source relative to welded edges. at the 
same time, the scheme of eBW using the horizontal 
beam in the horizontal plane was chosen (figure 1). 
such an arrangement of the welding pool facilitates 
the degassing of a liquid metal and its refinement, 

Table 1. Chemical composition of plates of 2219 alloy, wt.%

al cu Mn v fe si Zn Zr ti

Base 6.23 0.32 0.09 0.13 0.28 0.03 0.1 0.07

Figure 1. scheme of eBW using horizontal beam in a horizontal 
plane
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which in turn reduces the requirements for cleanliness 
and quality of preparation of surfaces to be joined.

RESEARCH RESULTS
At the first stage, the effect of the focusing current on 
the shape and geometry of the welds was considered. 
for this purpose, the following welding modes were 
selected (table 2). On these modes, plates of 2219 al-
loy were welded.

Welding was carried out with different focusing 
currents (table 2), namely: 629, 634, 639, 644 and 
649 ma, where the value of 639 ma is a sharp fo-
cus, i.e., the focusing current is on the surface of 
the plate to be welded (figure 2, e, f). for the study, 
welds with the minimum 629 ma and the maximum 
of 649 ma focusing currents were selected. Other pa-

rameters (welding current, welding speed, etc.) were 
not changed.

figure 3 shows cross-sections of the welds pro-
duced on different focusing currents. according to 
this picture, it is possible to evaluate the proportional-
ity of the width of the weld to its length.

the measurements showed that the growth of the 
width of the facial part of the weld is directly propor-
tional to the growth of the focusing current. howev-
er, it is impossible to state this regarding the root. at 
smaller values of the focusing current, the root width 
is smaller than at acute focus. But already at much 
larger values of the focusing current, the width of the 
root decreases (figure 4).

to analyze the microstructure of welds, the meth-
ods of scanning electron microscopy (seM) and en-
ergy dispersive X-ray spectroscope (eDs) were used.

the microstructure of the base metal of alumini-
um aa2219 alloy is presented in figure 5. the alloy 
microstructure consists of elongated grains of a solid 
aluminium solution (α); tiny and coarse bright parti-
cles distributed mainly on grain boundaries. In the im-
age obtained with the help of backscattered electrons 
(BSE), a significant difference in brightness between 
the particles and matrix indicates the presence of 
heavy elements. according to the chemical composi-
tion of the base metal, copper is considered to be this 
element. In addition, the presence of copper was con-
firmed by quantitative and qualitative EDS analysis.

Figure 2. face and root appearance of welds produced at different 
values of focusing current, ma: a, b — 629; c, d — 634; e, f — 
639 — acute focus; g, h — 644; i, j — 649

Table 2. parameters of welding plates of 2219 alloy

speci-
men

Welding 
current, 

ma

Welding 
speed, 
mm/s

accel-
eration 
voltage, 

kv

fo-
cusing 
current, 

ma

Input 
energy, 
J/mm

1

85 20 60

629

255
2 634
3 639
4 644
5 649

Figure 3. Influence of focusing current on welds geometry

Figure 4. Dependence of the width of face weld (1), weld root (2) 
and cross-section area (3) on the value of focusing current
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Microstructure of the welded joint produced at a 
focusing current of 629 ma consists of equiaxial den-
drites with embedded tiny particles, pores and α + θ 
al2cu eutectics, separated in the interdendritic regions 
(figure 6). the local elemental composition, which 
was measured from four regions (Spectra 1‒4) is giv-
en in table 3. spectra 1 and 3 were obtained from the 
interidendritic regions, enriched by separated alloying 
elements. compared to dendrites, these zones look 
brighter and contain about 14 at.% of copper. Accord-

ing to the binary diagram aluminium-copper, eutectic 
may be identified, containing α(Al) + θ(Al2cu). In 
spectrum 2, a decrease in the copper content and an 
increase in the aluminium content were observed. the 
aluminium content revealed in spectrum 2, amounted 
to 93.7 at.%. The highest amount of aluminium was 
measured in the region marked as spectrum 4, where 
95.4 at.% of aluminium was detected.

According to the binary phase Al‒Cu diagram, at a 
homogeneous crystallization, the alloy contains about 
2.36 % of α(Al) + θ(Al2cu) eutectics. however, the 
process of crystallization during welding is usually 
heterogeneous. this leads to the microsegregation of 
cu. therefore, the amount of eutectics in the welded 
joint is higher than 2.36 %, and the content of Сu in 
the matrix α(А1) is lower than 5.65 % [7].

the eDs analysis conducted in the weld metal 
with the focusing current of 629 ma relative to the 
selected regions is shown in table 3.

Microstructure of the welded joint produced at a 
focusing current of 649 ma is shown in figure 7 and 
table 4. the dendritic microstructure was formed af-
ter crystallization of the melt pool. the local chemical 
composition was measured in spectra 1-6. spectra 1 
and 4 represented dendrites with a high aluminium 
content. Thus, in these spectra, more than 95 at.% of 
aluminium were measured in these spectra. In this 
case, a solid aluminium solution was recorded. an 
increase in the copper content was observed in spec-
tra 2 and 5. On the image of backscattered electrons, 
these places were slightly brighter compared to pre-
vious ones. the copper content, which was observed 
in these places, amounted to 4.6 and 4.7 at.%, respec-
tively. the brightest zones in the deposited metal were 
observed in Spectra 3 and 6. In such places, a signifi-
cant increase in the copper content was observed. On 

Figure 5. Microstructure of base metal of 2219 alloy

Figure 6. Microstructure of weld metal (focusing current is 
629 ma)

Table 3. chemical composition of weld metal according to eDs 
analysis (focusing current is 629 mA) (at.%)

spectra O al Mn fe cu

1 6.05 79.43 0.14 0.27 14.10
2 2.65 93.72 0.17 – 3.46
3 3.21 82.15 0.22 0.37 14.06
4 3.15 95.40 0.13 – 1.32

Table 4. chemical composition of weld metal according to eDs 
analysis (focusing current is 649 mA) (at.%)

spectra O al Mn fe cu

1 2.00 96.78 0.14 – 1.08
2 0.37 94.91 0.13 – 4.59
3 7.90 71.96 0.14 0.33 19.67
4 2.74 95.57 0.15 – 1.54
5 0.57 94.57 0.18 – 4.67
6 3.95 72.86 0.11 0.31 22.79

Figure 7. Microstructure of weld metal (focusing current is 
649 ma)
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the other hand, the drop of aluminium content was 
observed in the abovementioned spectra 3 and 6. 
spectrum 3 was characterized by the content of about 
19.7 at.% of copper. In Spectrum 6, 22.8 at.% of cop-
per was revealed. this is associated with the segre-
gation, when interdendritic regions are enriched with 
alloying elements, in our case, it is mostly copper. the 
eutectics consisting of α(Al) + θ(Al2cu) can be high-
lighted in this place, as it follows from the abovemen-
tioned binary diagram. In addition, in spectra 3 and 6, 
iron was also recorded.

a high cooling rate, characteristic of eBW, not 
only contributes to the microsegregation, but also 
improves the solubility of cu in al, which is usually 
lower than 2 % in the conditions of a uniform crys-
tallization process. In addition, it was found [8], that 
if the current increases, more copper amount diffus-
es into a solid substance. according to our observa-
tions, an increase in the focusing current from 629 to 
649 ma has led to an increase in cu content in the 
interdendritic regions. however, with the higher cu 
content on the grain boundaries, the sensitivity to hot 
cracking can increase significantly.

linear eDs scanning along the interdendritic 
regions were carried out in the metal of welds pro-
duced using focusing currents of 629 (figure 8, a) and 
649 ma (figure 8, b). the placement of aluminium 
and copper was observed across the white lines given 
in (figure 8, a, b). In the interdendritic region, a clear 
increase in cu and a sharp decrease in al were record-
ed. this phenomenon is associated with the presence 
of microsegregated eutectics in the interdendritic re-
gions. The presence of eutectics was also confirmed 
by local quantitative eDs analysis.

CONCLUSIONS
1. The influence of the current focusing of electron 
beam welding on the formation of welds of alumin-
ium 2219 alloy for the plates of up to 20 mm thick-
ness was investigated. It was established that with an 
increase in the focusing current, the width of the face 
weld grows. In turn, the width of the weld root de-
pends more on the real position of the focus of the 
electron beam relative to a sharp focus (639 ma).

2. the dependence of the focusing current on the 
distribution of copper and aluminium in the weld met-
al was revealed. an increase in the focusing current 
from 629 to 649 ma has led to an increase in the con-
tent of copper in the phase precipitates placed in the 
interdendritic regions. an increase in the copper con-
tent led to the formation of eutectics in the mentioned 
interdendritic regions. In the regions of the spectra, 
where a decrease in the aluminium content was re-
corded, also an increase in the copper content was ob-
served, associated with segregation.

3. With the help of the energy dispersion X-ray 
analysis, the microstructure of the weld metal at dif-
ferent focusing currents was determined. thus, coars-
er dendrites are formed at the expansion of the weld, 
which in the tested range of beam focusing corre-
sponds to the higher value of the focusing current.

4. The local quantitative EDS analysis confirmed 
the presence of α + θ(Al2cu) eutectics in the interden-
dritic regions of the weld metal.
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