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ABSTRACT
During electron beam welding (EBW) of 2219 alloy, the strength characteristics of joints can decrease by up to 50 % in relation 
to the base metal. In order to ensure the uniform strength of the structure, the locations of the welds are chosen in thickened 
areas. At the same time, the width of the thickened area should be greater than the width of the softening zone of the welded 
joint. This zone includes the cast zone and the heat-affected zone (HAZ), in which the strength of the base metal decreased. 
The influence of welding speed and the use of process pads on the width of the cast zone and the HAZ, i.e. on the width of 
the softening zone during EBW of 2219 alloy plates were studied. It was found that an increase in the welding speed from 10 
to 20 mm/s reduced the width of the softening zone approximately by a half. The use of the process pad allows reducing the 
width of the softening zone by approximately 20 %. In this case, the weld underfill is formed in the body of the pad and after 
its removal the welded butt does not require further mechanical treatment. It was established by calculation and experimental 
methods that the process pad cuts off the peripheral part of the electron beam, which is about 5 % of its full power. In practice, 
the influence of this peripheral part leads to undesirable expansion of the weld on the side of the beam entrance and to additional 
heating of the base metal and, as a result, to an increase in the size of the softening zone.
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INTRODUCTION
The high-strength aluminium 2219 alloy of the Al–
6Cu alloying system is a heat-treatable alloy. The high 
mechanical properties of such alloys are achieved as a 
result of heat treatment, at which secondary strength-
ening phases are precipitated. During welding of such 
alloys, these phases dissolve in the heat-affected zone 
(HAZ), which causes a decrease in the strength char-
acteristics of the metal. The beginning of the disso-
lution process is featured not only by the maximum 
heating temperature, but also by the duration of stay-
ing in the corresponding temperature range [1].

The electron beam welding (EBW) process is 
characterized by a very short thermal cycle period 
with high cooling rates and a small volume of mol-
ten metal. This leads to a significant reduction in the 
size of the HAZ [2, 3]. Despite this, the strength of 
welded joints remains quite low. For example, even 
at short-term heating typical for EBW, the strength 
factor of Al–6Cu alloy joints is 70–75 % [4] and 
sometimes less than 50 %. [5]. In order to ensure a 
uniform structural strength, weld locations are cho-
sen in thickened areas. Moreover, the width of the 
thickened area should be greater than the width of 
the softening zone of the welded joint. On the other 
hand, an excessive increase in the width of such 
areas leads to an undesirable increase in the overall 

weight of the structure. The softening zone of the 
joint includes the cast zone and the HAZ, where 
the strength of the base metal decreased. In order 
to reduce the weight of structures, it is necessary 
to choose the EBW conditions, which ensure the 
production of welds with a minimum width of the 
cast zone and HAZ. Electron beam welding allows 
producing such joints. High energy concentration 
allows welding metals at high speed with a small 
weld pool volume.

The EBW of aluminium alloys has its own pecu-
liarities. In many cases, the penetration has a wedge 
shape [5–8]. This is predetermined by the fact that the 
distribution of the electron beam power density along 
its cross-section is close to the normal distribution 
law [9]. The central part of the beam with the highest 
energy concentration melts the metal and ensures its 
welding. The peripheral parts of the beam hitting the 
edges of the metal being welded melt them, thereby 
increasing the width of the weld on the side of the 
beam entrance. In addition, the edges of this periph-
eral part of the beam, which no longer have enough 
power to melt the metal, directly heat the edges to be 
welded, increasing the HAZ width.

Typical cross-sections of joints of aluminium 
Al–6Cu system alloys welded by electron beam are 
shown in Figure 1. In all cases, the welds are wider at 
the beam entrance than at the root part. Also, a slight 
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underfill of the weld metal is seen on the beam en-
trance side.

THE AIM
of this work is to determine the technology for EBW 
of 2219 alloy plates, which ensures the production of 
joints with a minimum width of the softening zone.

description OF THE MAIN MATERIAL
Welding was carried out in an electron beam weld-
ing installation UL-209M with an ELA 60/60 pow-
er source. The hardness of the weld metal and HAZ 
were measured by the Vickers method, using the 
M-400 hardness tester by LECO. The load was 1N 
(100 g), the time of load application was 10 s. The 
plates of aluminium 2219 T8 alloy with a thick-
ness of 10 mm were welded. The parameters of the 
welding conditions (Table 1) were selected in such 
a way as to provide complete penetration of the butt 
in one pass with the formation of reinforcement and 
reverse weld bead.

In all experiments, a circular beam scanning tra-
jectory was used at an amplitude of 1 mm and a scan 
frequency of 580 Hz with focusing on the surface of 
the plates to be welded. I.e., the relative distribution 
of the electron beam power density was maintained 
constant. Cross-sections of welds at EBW of 2219 al-
loy at welding speeds of 10, 15, 20 and 25 mm/s are 
shown in Figure 2.

The widest welds (see Table 2) were produced 
by welding at a speed of 10 mm/s. The cast zone is 
wedge-shaped, its width is 5.5 mm on the beam en-
trance side and 1.6 mm on the beam exit side. When 
the speed was increased to 15 mm/s, the width of the 
cast zone decreased to 3.6 and 1.4 mm, respectively. 
The further increase in the welding speed did not sig-
nificantly affect the width of the cast zone.

Figure 1. Typical cross-sections of welds at EBW of Al–6Cu alloy: a — [6]; b — [7]; c — [8]

Figure 2. Cross-sections of welds at EBW of 2219 alloy at welding speed: a — 10; b — 15; c — 20; d — 25 mm/s

Table 1. EBW conditions for 2219 alloy plates

Metal thickness, mm 10 10 10 10 12.2*

Accelerating voltage, kV 60 60 60 60 60

Welding speed, mm/s 10 15 20 25 20

Beam current, mA 55 70 85 95 95

*– 10 mm + 2.2 mm thick pad.

Table 2. Width of the weld cast zone depending on the welding 
speed

Welding speed, mm/s 10 15 20 25* 20 (welding 
with the pad)

Width of the cast zone 
on the beam entrance 

side, mm
5.5 3.6 3.6 3.6 1.6

Width of the cast zone 
on the beam exit side, 

mm
1.6 1.4 1.4 1.3 1.4

*Weld with defects.
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The expansion of the cast zone from the beam en-
trance is caused by the presence of a peripheral part of 
the beam with a relatively low power density. In order 
to exclude the influence of the peripheral part of the 
beam on the penetration shape, a welding technique 
with the pad of the same material was used. Such 
pads during welding with complete penetration not 
only shield the peripheral parts of the beam, but also 
serve as a filler material. The underfill in the weld is 
formed in the body of the pad. After welding, the pad 
is removed by mechanical treatment.

It was noted that at speeds of 10, 15 and 20 mm/s, 
the welding process is carried out with stable joint 
formation both from the face and root parts of 
the weld. When the welding speed is increased to 
25 mm/s, the stability of the weld formation is vi-
olated. Defects such as poor penetration and slight 
metal leakage periodically appear in the root part of 
the weld. Therefore, welding with the process pad 
was carried out at the maximum speed that ensures 
a stable process, i.e. at 20 mm/s.

In Figure 3, the cross-section of the weld produced 
with the pad was schematically combined with the 
volumetric diagram of the beam power density dis-
tribution (Figure 3, a) and the cross-section of this 
diagram (Figure 3, b). It is seen from the Figure that 
the cast zone is narrow and has an almost rectangular 
shape. The width of the cast weld zone under the pad 
is 1.6 mm and 1.4 mm on the beam exit side, with 
a maximum pad partial melting width of 5 mm. The 
central part of the electron beam with the highest en-
ergy concentration and power Q1 ensures complete 
penetration of the metal to be welded and the process 
pad. The side peripheral parts of the beam with a low 

energy concentration are shielded by the process pad. 
At the same time, they partially melt (power Q2) and 
heat (power Q3) the pad.

It is interesting to determine how much of the elec-
tron beam power is shielded by the process pad. It can 
be calculated or measured experimentally. The pre-
viously developed algorithm for calculating the dis-
tribution of electron beam power density [10] allows 
calculating the ratio of beam powers in any selected 
treatment areas. For the calculations, a software for 
designing electron beam scans was used [11]. Figure 
4 shows the distribution of the power density of an 
electron beam with an effective diameter of 0.5 mm 
for a scan in the form of a circle with a diameter of 

Figure 3. Distribution of beam power density (a — q(x, y) and b — q(x)) and cross-section of 2219 alloy weld produced using a pad 
made of the same alloy

Figure 4. Color image of the beam power density distribution 
q(x, y) displayed on the computer screen
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1 mm. The colours represent the beam power intensity 
from minimum (blue) to maximum (red).

A part of the electron beam power that falls on the 
weld area with complete penetration (Q1, %) can be 
calculated by the formula:

100 ( , )
1(%) ,

( , )
WMe

Me

q x y dxdy
Q

q x y dxdy
= ∫∫

∫∫
where q(x, y) is the distribution of beam power den-
sity; WMe is the area of beam effect that falls on the 
weld metal; Me is the entire area of electron beam 
treatment. Similarly, it is possible to calculate a part 
of the beam power that is consumed for partial melt-
ing (Q2, %) and heating (Q3, %) of the pad metal on 
both sides of the weld.

Calculations have shown that in our case, about 
95  % of the electron beam power is directed at the 
weld, and about 2.5 % of the beam power on each side 
is directed to heating and melting the parts of the pad 
adjacent to the weld, respectively. The experimental 
measuring of the electron beam power directed at a 
certain area to be treated is possible by placing a re-
fractory metal target in this area and measuring the 
amount of current passing through the target. The 
beam power shielded by the pad was determined as 
follows. Molybdenum plates with a thickness of 6 mm 
were fixed in the assembly and welding device with a 
gap of 1.6 mm between them. The width of the gap 
was equal to the width of the weld under the process 
pad. The plates were placed on the ceramic insulators 
and fixed with clamps through the ceramic insulators, 
as shown in Figure 5.

These insulators electrically isolated the plates 
from the welding chamber, i.e. from “ground”. The 
electric wires connected to the molybdenum plates 
were removed from the vacuum chamber and con-
nected to ‘ground’ through voltage dividers. Electric 
currents passing through the plates were measured 
by voltmeters connected to voltage dividers. A basic 
secondary electronic video surveillance system of 
the RASTR6 type was used to direct the beam to the 
centre of the gap between the plates. After that, the 
welding process was simulated at the conditions used 
for welding the 2219 alloy plates with the pad (i.e., 
at a beam current of 95 mA, see Table 1). When the 
beam was precisely aimed at the centre of the gap, the 
readings of voltmeters during the experiment coincid-
ed. During the measurement, the currents of the plates 
fluctuated within 2.5–3.5 mA. Thus, approximately 5 
to 7 % of the total beam power fell on both plates. 
The total width of the softening zone of the welded 

Figure 5. Experimental measurement of the beam power shielded 
by the process pad

Figure 6. Distribution of hardness in the cross-section of joints in 
2219 alloy plates welded at a speed of 10 mm/s

Figure 7. Distribution of hardness in the cross-section of joints in 
2219 alloy plates welded at a speed of 20 mm/s
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joint is equal to the width of the cast zone plus the 
width of the HAZ on both sides of it. The width of the 
HAZ was determined by measuring the hardness of 
the cross-sections of the welded joints at distances of 
1.5 mm from the plate surface on the beam entrance 
side. The measurement step was 0.3–0.5 mm. The 
measurements started from the centre of the weld and 
ended in 3–5 mm after reaching the base metal. The 
distribution of hardness in the cross-sections of the 
joints of 2219 alloy plates welded at speeds of 10 and 
20 mm/s is shown in Figures 6 and 7.

The hardness of the weld metal is 670–710 MPa, 
while the hardness of the base metal is 1350–
1360 MP a. When the welding speed was increased 
from 10 to 20 mm/s, the HAZ width decreased from 
15 to 7 mm. It is seen that the hardness of the met-
al at a distance of 1 mm from the fusion line is by 
30–40 MP a higher than the hardness measured at a 
distance of 2–3 mm. This is predetermined by the par-
tial hardening of the metal in the immediate vicinity 
of the weld after it was heated to the quenching tem-
perature and then rapidly cooled. The cross-sectional 
hardness distribution of the joints of 2219 alloy plates 
welded with the process pad is shown in Figure 8.

Table 3 shows the dependence of the HAZ width 
and softening zone on the welding speed.

Table shows that an increase in the welding speed 
from 10 to 20 mm/s reduces the width of the soften-
ing zone by almost half (from 35.5 to 17.6 mm). The 
further increase in the welding speed is inappropriate 
because it will cause violation of the joint formation 
stability and appearance of defects.

The use of the process pad during EBW of 10 mm 
thick aluminium 2219 alloy plates allows reducing the 
width of the softening zone from 17.6 to 13.6 mm (i.e. 
by about 20 %) on the beam entrance side and producing 
a narrow weld with practically parallel side walls.

Conclusions
It has been found that during EBW of 2219 aluminium 
alloy plates with a thickness of 10 mm, an increase in 

the welding speed from 10 to 20 mm/s reduces the 
width of the softening zone approximately by a half.

The use of the process pad when welding at a 
speed of 20 mm/s allows for an additional reduction 
in the width of the softening zone by approximately 
20 % and produces a narrow weld with almost parallel 
side walls. In this case, the weld underfill is formed in 
the body of the pad; after its removal, the welded butt 
does not require further mechanical treatment.

An algorithm for calculating the ratio of beam 
powers in selected areas of the treated surface was 
proposed. It has been found by calculations and ex-
periments that the technological pad cuts off the pe-
ripheral part of the electron beam, which is about 
5–7 % of its total power. In practice, the influence of 
this peripheral part leads to undesirable expansion of 
the weld on the beam entrance side and to additional 
heating of the base metal and, as a result, to an in-
crease in the sizes of the softening zone.
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