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ABSTRACT
plates of 2219 alloy of 40 mm thickness were joined by electron beam welding. the effect of sequence of welding and heat 
treatment operations on the mechanical properties of the joints and distribution of hardness in the haZ were studied. It was 
established that the plates of 2219 alloy that were quenched before welding and artificially aged after welding, have the highest 
strength. Aging improves the ultimate strength of the joints from 300‒315 to 385‒395 MPa, and hardness of the weld and HAZ 
metal increases by 5–10 HRB. In the study of the joint microstructure it was found that a region of high-temperature recovery of 
the hardened state is located at a distance of about 1.0 mm from the fusion line in the haZ. It is characterized by an increase in 
hardness after aging to the level of base metal hardness. measuring the welding thermal cycles it was found that the maximum 
heating temperature of this region is about 590 °c. next the annealing region is located. In this region, a decrease in the metal 
hardness by 2–3 HRB is observed. for welding speed of 20 mm/s, the haZ width is about 8 mm.
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INTRODUCTION
2219 alloy of Al‒6Cu alloying system is a heat-hard-
enable alloy, the maximal mechanical properties of 
which are achieved after quenching and artificial ag-
ing. Due to its excellent mechanical properties, cor-
rosion resistance and weldability, it has been used 
to produce welded structures for more than 50 years 
now. however, improvement of welded joint quality 
and stability of their mechanical properties still re-
main a relevant task [1, 2]. Nonconsumable electrode 
argon-arc welding is usually used to join thin blanks 
of 2219 alloy, and over the recent decades friction stir 
welding has become widely accepted. electron beam 
welding is used to join thick parts.

with any fusion welding process, welded joint 
strength will be lower than that of the base metal. this 
is related to the presence of a region of remelted metal 
and haZ adjacent to it. postweld heat treatment of the 
joints is performed to improve the joint strength.

mechanical properties of 2219 alloy welded joints 
depend not only on heat treatment temperature and 
time, namely on the sequence of quenching, artificial 
aging and welding performance. maximal mechani-
cal properties of welded joints are achieved by con-
ducting full postweld heat treatment (quenching and 
aging). such an effect of strength increase is observed 
both for welding of quenched and artificially aged [3], 
and annealed semi-finished products [4]. In those cas-
es, when large-sizes products are welded, and it is im-

possible or difficult to quench them, only artificial ag-
ing is performed after welding. In work [5] it is shown 
that postweld artificial aging improves the structure 
and mechanical properties of welded joints.

In welding aluminium alloys, there is a certain 
correlation between metal strength and hardness, 
which, in their turn, are determined by its structure 
[6]. Artificial aging after welding helps revealing the 
nature of structural transformations and state of the 
solid solution in the haZ in such alloys. the degree 
of HAZ metal strengthening at artificial aging allows 
determination of the regions of high-temperature re-
covery of the quenched state, degree of annealing and 
presence of low-temperature recovery [7]. Changes in 
the metal structure in these regions will be visible in 
microsections, and measurement of welding thermal 
cycles allows determination of temperatures, at which 
these changes occur [8].

OBJECTIVE OF THE WORK
the objective of the work is to determine the sequence 
of quenching, artificial aging and welding operations, 
at which maximal mechanical properties of welded 
joints on large-sized products from 2219 aluminium 
alloy plates are achieved.

MATERIALS 
AND INVESTIGATION PROCEDURE
the nature of weld formation, hardness distribution 
in the welded joint cross-section, macro- and micro-
structure in the metal of the weld and haZ, as well 
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as mechanical properties of the joints were studied. 
Investigations were conducted on 2219 alloy plates 
40 mm thick. state of delivery is t-351 (quenching + 
mechanical deformation + natural aging). the alloy 
chemical composition is given in table 1.

welding was conducted in ul-209m unit with 
power supply from ela 60/60 source with 60 kV 
accelerating voltage. welding mode parameters (ta-
ble 2) were selected so as to ensure complete pene-
tration of the butt in one pass with formation of weld 
reinforcement and reverse bead.

hardness of the weld and haZ metal was measured 
by rockwell instrument with load on the steel sphere 
P = 600 n. hardness measurements of the metal of the 
weld and haZ were conducted on transverse sections 
for four variants of the sequence of welding and heat 
treatment operations: 1 — quenching — artificial ag-
ing — welding; 2 — quenching — artificial aging — 
welding — artificial reaging; 3 — annealing — weld-
ing; 4 — annealing — welding — artificial aging.

electron beam is a linear heat source and, there-
fore, the temperature across the plate thickness is re-
garded to be stable. In this case, the thermal cycles in 
eBw of 40 and 10 mm plates will coincide. In order 
to simplify the experiments, the thermal cycles were 
recorded at eBw of 2219 alloy plates of 10 mm thick-
ness. an eBw mode was selected, which at welding 
speed of 20 mm/s, ensured producing a 2 mm wide 
weld with parallel fusion boundaries.

temperature on the plate surface was measured by 
chromel-alumel thermocouples, made from 0.1 mm 
wires. thermocouple junctions were caulked into a re-
cess on the plate surface at 2, 4 and 6 mm distance from 
the weld axis, which at 2 mm weld width was equal to 1, 
3 and 5 mm from the fusion line, respectively. thermo-
couple readings were recorded by a high-speed record-
ing voltmeter with 100 mm/s speed of tape pulling.

welded joint structure was revealed by electrolyti-
cal polishing and additional chemical etching in 25 % 
aqueous solution of fluoric acid. The microstructure was 
examined in an optical metallographic microscope neo-
phot-32, fitted with Olympus C-500 digital camera.

mechanical properties of the samples were studied 
for three variants of the sequence of welding and heat 
treatment operations: 1 — quenching — artificial ag-
ing — welding; 2 — quenching — artificial aging — 
welding — artificial reaging; 3 — quenching — weld-
ing — artificial aging. Artificial aging was conducted at 
the temperature of 175±5 °c for 19 h with cooling in air.

ultimate strength was determined by tensile test-
ing of standard round samples with 4 mm diameter of 
the working part. Impact bend testing was performed 
on charpy samples with a notch in the weld metal. 
samples for testing were cut out across the weld, plac-
ing the weld in the sample center.

INVESTIGATION RESULTS 
AND THEIR DISCUSSION
transverse section of a joint of 2219 alloy plates is shown 
in figure 1. During welding, formation of weld rein-
forcement and reverse bead was guaranteed (figure 2). 
eBw process proceeded without liquid metal splashing. 
slight spatter was observed from the weld root side.

welding mode ensured producing narrow welds 
of approximately 2.0 mm width with parallel fusion 
boundaries. such a shape of the weld promotes reduc-
tion of residual welding deformations of the structure. 

Table 1. chemical composition of 2219 alloy

weight fraction of chemical elements, %

al cu mn mg fe si Zn Zr ti

Base 5.8‒6.8 0.2‒0.4 0.02 0.3 0.2 0.1 0.1‒0.25 0.02‒0.1

Table 2. eBw mode parameters

welding speed, 
mm/s

accelerating 
voltage, kV

welding current, 
ma

focus scan 
pattern

Beam scanning 
amplitude, mm

Beam scanning 
frequency, hz

20 60 440 sharp circle 0.5 630

Figure 1. transverse section of a joint of 2219 alloy plates 40mm 
thick
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results of welded joint hardness measurements are 
shown in figure 3. Base metal hardness in the quenched 
and aged states is equal to 96 HRB, and weld metal 
hardness is 73 HRB. One can see that metal hardness 
at 1.0 mm distance from the fusion line is by 1–2 HRB 
higher than that of metal hardness at 2.0–3.0 mm dis-
tance from the weld. Artificial aging of the joints after 
welding increases weld metal hardness by 10 HRB, and 
metal hardness in the haZ rises by 3–5 HRB. after 
welding, haZ width is equal to approximately 8 mm.

when welding annealed plates, weld metal hard-
ness (figure 4) is on the level of base metal hardness 
(72–73 HRB), and the haZ metal located at 1.0 mm 
distance from the fusion line shows the highest hard-
ness. when moving away from the fusion line, metal 
hardness becomes lower. Artificial aging of welded 
joints strengthens the weld and haZ metal, and their 
hardness here increases by 5–10 HRB.

changes in haZ metal hardness are the conse-
quence of metallurgical processes, proceeding in the 
metal under the impact of welding thermal cycle. the 
welding thermal cycles were recorded, in order to de-
termine the temperatures, at which these changes oc-
cur. experimentally obtained characteristic curves of 
temperature change during heating and cooling under 
the impact of the welding thermal cycle are shown 
in figure 5. maximal heating temperatures for points 
located at 2.0, 4.0 and 6.0 mm distance from the weld 

axis (or 1.0, 3.0 and 5.0 mm from the fusion line) were 
equal to 590, 440 and 300 °c, respectively.

weld metal microstructure (figure 6, a) is dispersed; 
it consists of a matrix — aluminium-based α-solid solu-
tion and cual2 (θ-phase), precipitating along the bound-
aries and chaotically in the grain bulk. cual2 (θ-phase) 
is the main strengthening phase in alloys of this system. 
the fusion line (figure 6, b) is well-formed, and no de-
fects were found on the fusion line. haZ width is up 
to 10 mm from the fusion line. low-melting eutectic 
interlayers form in the haZ region adjacent to the fu-
sion line. a region of high-temperature recovery of the 
quenched state is located at 0.5–3.0 mm distance from 
the fusion line (figure 3). It is characterized by a hard-
ness increase after aging to base metal hardness level. 
the annealing region is next. a lowering of metal hard-
ness by 2‒3 HRB is observed in this region.

The influence of the sequence of welding and heat 
treatment operations on the mechanical properties 
of 2219 alloy welded joints was studied. Quenched 
plates and plates after full heat treatment (quenching 
and artificial aging) were welded. Quenched plates 
and part of the plates after full heat treatment were 
subjected to postweld artificial aging. 

Figure 2. appearance of the weld of a joint of 2219 alloy plates 
40 mm thick from the side of electron beam entrance (a) and exit (b)

Figure 3. hardness distribution in the cross-section of joints of 
quenched and artificially-aged 2219 alloy plates 40 mm thick; 
1 — welded joints; 2 — welded joints reaged artificially after 
welding

Figure 4. hardness distribution in the cross-section of joints of 
annealed 2219 alloy plates 40 mm thick; 1 — welded joints; 2 — 
welded joints artificially aged after welding

Figure 5. thermal cycles of points on the surface of 2219 alloy 
plate at eBw with 20 mm/s speed (L — distance from weld mid-
dle; 1 — 2 mm; 2 — 4; 3 — 6)
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results of welded joint testing for static tension 
and impact bending are shown in table 3.

electron beam welding is characterized by high 
rates of heating and cooling of the metal of the weld 
and haZ. such cooling rates in eBw of 2219 alloy 
will promote formation of copper solid solution in the 
weld metal. At further artificial aging precipitation of 
strengthening phases and increase of weld metal hard-
ness occur, respectively. 

hardness increase at 1 mm distance from the fu-
sion line is due to short-time heating of the metal to 
quenching temperature and rapid cooling. maximal 
temperature of metal heating is about 590 °c. this 
zone is usually called the zone of high-temperature 
recovery of the quenched state. after conducting arti-
ficial aging, metal hardness is increased here up to the 
level of base metal hardness in the state after quench-
ing and artificial aging. This zone was earlier revealed 
only in arc-welded joints [7, 8].

annealing zone, called the low-temperature recov-
ery zone, is located farther from the fusion line. at 
the beginning of this zone the maximal temperature 
was 440 °c, and in the middle part it was approxi-
mately 300 °c. hardness of the metal of the weld and 
high-temperature recovery zone at eBw of heat-treat-
ed and annealed plates is the same and independent of 

the metal initial condition. as one can see from fig-
ures 3 and 4, in welding heat-hardened plates of 2219 
alloy the haZ metal is softened, and in welding of 
annealed plates, on the contrary, the metal strength in 
the haZ becomes higher.

In case of welding plates which have passed the 
full heat treatment cycle, the ultimate strength of the 
joints was equal to 300.0–315.0 mpa. It was possible 
to increase the ultimate strength to the level of 357.0–
367.5 MPa, having conducted artificial aging. Here, 
the impact toughness decreased from 4.2‒4.7 to 1.4–
1.7 kgf∙m/cm2. Postweld artificial aging operation is 
more favourable, compared to aging before welding. 
In this case, the ultimate strength of the joints rises to 
385–395 mpa, and impact toughness decreases only 
slightly to the level of 2.9–3.2 kgf∙m/cm2. relative 
elongation changes only slightly here.

CONCLUSIONS
1. at eBw of quenched plates from 2219 alloy the 
maximal mechanical properties of welded joints are 
achieved by conducting postweld artificial aging.

2. Artificial aging of welded joints of 2219 alloy 
plates increases the hardness of weld and haZ metal by 
5–10 HRB.

3. when measuring haZ hardness of 2219 alloy 
joints produced by eBw, a region of high-temperature 

Figure 6. microstructure of weld (a) and haZ (b‒d) metal at eBw of 2219 alloy plates (a — weld metal; b — fusion line; c — 
high-temperature recovery region; d — annealing region), (×500, reduced 2 times) 

Table 3. mechanical properties of joints of 2219 alloy plates 40 mm thick in different initial states of base metal and at further heat 
treatment

Kind of treatment ultimate strength, 
σult, mpa

relative elongation, 
δ, %

Impact toughness, 
KCV, kgf∙m/cm2

Before welding after welding

Quenching and artificial aging without heat treatment 300.0–315.0 
308.7

3.0–4.0 
3.3

4.2–4.7 
4.5

Quenching and artificial aging Artificial aging 357.0–367.5 
361.7

2.6–5.7 
3.6

1.4–1.7 
1.5

Quenching Artificial aging 385.0–395.0 
388.7

3.0–3.0 
3.0

2.9–3.2 
3.0

Note. the numerator gives the minimal and maximal values from 3 measurements; the denominator gives the average values.
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recovery of the quenched state with hardness increase 
was found at approximately 1 mm distance from the 
fusion line. After artificial aging the hardness of this 
region is increased to the level of base metal hardness 
in the heat-hardened state.
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