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During designing and manufacture of aircraft structures from modern thermomechanically strengthened aluminium al-
loys, there is a problem of producing welded joints with satisfactory mechanical properties without post heat treatment 
of large-sized products. In the work the formation of joints of thermomechanically strengthened 2219-T87 alloy during 
flash butt welding was investigated. It was found that a low-temperature resistance heating in combination with a short-
term heating by flashing provide the formation of defect-free welded joints. Metallographic examinations showed that 
joints are formed through a thin layer of melt, which is a necessary condition for a high-quality welding of aluminium 
alloys. The influence of intense plastic deformation during upsetting with a forced formation on the morphology of 
θ-phase (CuAl2) particles was studied. A decrease in the values of hardness in the joint area as a result of dissolution and 
coagulation of a strengthening θʹ-phase was established. The strength of welded joints both along and across the rolled 
metal lines amounts to 76 % of the strength of the base metal. 20 Ref., 2 Tables, 7 Figures.
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In the design of space and aircraft engineering, ther-
mally strenghtened aluminium alloys of the Al‒Cu 
system are widely used [1]. 2219 alloy and its analogue 
1201 alloy have been successfully used for structural 
elements operating at low temperatures, in particular 
for the manufacture of fuel tanks and load-carrying 
structural elements of the rockets Saturn V, Apollo, 
Space Shuttle, Ariane V and «Buran» [2].

To achieve the maximum level of strength, the 
workpieces of 2219 alloy are delivered in a thermome-
chanically strengthened state T87, which is achieved 
by heat treatment on a solid solution by deformation 
strengthening and a subsequent artificial ageing [3‒6].

In the manufacture of products for aircraft and 
space engineering from 2219 alloy, different methods 
of welding (electron beam [7], argon arc with con-
sumable [8‒10] and nonconsumable electrode [11, 
12], friction stir (FSW) [12–18] and flash butt weld-
ing [19, 20]) are used, which differ in the thermal cy-
cle and the level of reduction of the mechanical prop-
erties of the metal in the heat-affected zone (HAZ). 
For example, the joints of 2219-T87 alloy, made by 
argon arc welding with consumable and noncon-
sumable electrode and FSW, have a tensile strength 
of 0.6‒0.65 from the level of the base metal values 
[8‒18], which is predetermined by a full dissolution 

of particles of nanosized strenghtening θ′-phase in the 
weld and the HAZ.

In addition, the thermal cycle of welding products 
of 2219 alloy can reduce the corrosion resistance of 
the joints as a result of coagulation (coarsening) of 
θ-phase particles (SiAl2) in the near-weld zone. The 
problem of reducing indices of mechanical properties 
and characteristics of corrosion resistance of welds as 
a result of liquation in the fusion zone while using the 
methods of fusion welding was studied in [7‒12] and 
while using FSW in [13‒18].

In particular, in [8‒12] it was found that during ar-
gon arc welding of 2219 alloy with a nonconsumable 
electrode, in the near-weld zone, a eutectic reaction 
between the particles of θ-phase (CuAl2) and α-matrix 
of the alloy: α + θ → LE with the formation of liquid 
phase LE at the eutectic temperature TE = 548 °C and 
higher occurs. Liquation around the large θ-particles 
leads to an increase in theirs size and the formation 
of the α-matrix of the alloy areas with a lower copper 
concentration. Liquation of copper at grain boundar-
ies leads to the appearance of a split eutectic, which 
consists of bands with a high concentration of Cu (up 
to 33 at.%) and adjacent areas of the α-phase with a 
low content of Cu, which causes a decrease in the cor-
rosion resistance and mechanical properties of welds 
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[8‒10]. The similar problems occur also during FSW 
of 2219 alloy [13‒15].

Heat treatment (hardening and ageing) of products 
from 2219 alloy after welding allows a significant res-
toration of the structure and mechanical properties of 
the welds, but in the production of large-sized struc-
tures, such a task can hardly be realized. Therefore, 
the urgent problem is the development of technolo-
gies for welding of 2219 alloy, which provide a higher 
level of strength of joints without a post heat treat-
ment, which will meet the technical requirements of 
space engineering developers.

An effective technology for the manufacture of 
load-carrying aircraft elements (stringers, shells, 
frame rings) from extruded profiles of developed and 
compact cross-section is flash butt welding (FBW). 
This method provides a high stable quality of joints, 
unites assembly and welding operations in a single 
cycle, does not demand application of consumables 
[19, 20]. In welding of billets of up to 12 mm thick-
ness, the FBW technology provides high indices of 
strength of aluminium alloys at an insignificant width 
of the HAZ.

In FBW of profiles of a larger thickness it is neces-
sary to carry out resistance preheating of billets, which 
causes an increase in width of HAZ and, probably, 
emergence of the problems characteristic of methods 
of fusion welding and FSW.

The aim of the work consisted in establishing the 
features of the formation of joints at FBW of thick-
walled extruded profiles of 2219-T87 alloy, the study 
of their microstructure and determination of mechan-
ical properties.

Procedure of works.  The investigations were 
carried out on the specimens of 2219-T87 alloy of a 

rectangular section with 15 mm thickness and 60 mm 
width. The length of the specimens was not less than 
200 mm. The chemical composition of the studied al-
loy is given in Table 1.

Since anisotropy of the structure and mechanical 
properties is characteristic for pressed profiles from 
aluminium alloys, the experiments on FBW of the 
specimens of 2219-T87 alloy were carried out at dif-
ferent direction of the rolled metal lines (Figure 1), 
which represent the clusters of θ-phase particles. 
During welding of billets with a longitudinal arrange-
ment of rolled metal fibers, the joint is formed in a 
plane perpendicular to the direction of rolled metal 
fibers (further, weld across the rolled metal). During 
welding of billets with a transverse arrangement of 
rolled metal fibers, the joints are formed in a plane 
parallel to the direction of rolled metal fibers (further, 
weld along the rolled metal).

Experimental welding was carried out in a labora-
tory flash butt welding machine K607, equipped with 
a welding transformer with a capacity of 75 kV∙A and 
an upsetting drive with a force of up to 1000 kN. The 
FBW process included several stages: resistance pre-
heating, flashing and upsetting. Deformation during 
upsetting occurs in the conditions of volume com-
pression with the help of forming devices (Figure 2).

The parameters of the FBW process were estab-
lished within the ranges: flashing voltage U2fl = 5‒6 V, 
flashing rate Vfl = 2‒18 mm/s, upsetting rate Vups ≥ 
≥ 200 mm/s. The total allowance for flashing and up-
setting is lall = 60 mm.

Macrostructure of welded joints was evaluat-
ed by visual inspection using the magnification 
glass Levenhuk Zeno Multi ML7 at a magnification 

Figure 1. Scheme of rolled metal lines in the specimens of 2219-
T87 alloy during FBW Figure 2. Scheme of FBW with the joint formation: 1 — parts; 

2 — forming devices; 3 — current conductor; 4 — extruded met-
al; lall — allowance for welding

Table 1. Chemical composition (wt.%) of 2219 alloy [4, 5]

Al Сu Mn Mg Si Zr V Zn Fe Ti

Base 5.8‒6.8 0.2‒0.4 <0.2 <0.2 0.1‒0.25 0.05‒0.15 <0.1 <0.3 0.02‒0.1
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of ×3‒l0. Metallographic examinations were per-
formed with the use of an optical microscope Neo-
phot-32 at a magnification of ×25, ×100 and ×400. 
The preparation of the surface of macrosections was 
carried out in a grinding-polishing machine Struers 
LaboPol-5. To reveal the structure, Keller reagent 
(0.5HF‒1.8HC1‒2.7HNO3‒95H2O (vol.%)) and a 
5 % aqueous solution of hydrofluoric acid were used. 
The study of the distribution of hardness HRB in the 
joint zone was carried out using a stationary hardness 
meter Novotest TS-BPR at a load of 600 N (ball di-
ameter is 1/16″) with a step of 1‒2 mm. Mechanical 
tensile tests of specimens of welded joints were car-
ried out in the TsDM-10 machine with a maximum 
force of 100 kN.

Results of investigations. During welding, preheat-
ing resistance to 200 °C was used, the current of is I2pr 
= 20 kA. Heating to this temperature does not lead to a 

loss of the strength of 2219-T87 alloy. Further increase 
in the temperature of a preheating results in an increase 
in the width of the zone in which the complete disso-
lution and coagulation of the nanosized strengthening 
θ′-phase in the FBW process is observed, that causes a 
decrease in the strength of the alloy.

In the process of testing the welding modes, an 
«express analysis» of the quality of welded joints — 
bending of specimens with a notch along the joint line 
until fracture was performed. The quality of the joints 
was evaluated by the presence (absence) of defects 
such as oxide films during visual inspection of frac-
tures of the destroyed specimen (Figure 3, a). When 
testing the FBW modes, we tried to minimize the time 
of welding in order to reduce the width of the HAZ 
joints of 2219-T87 alloy.

According to such procedure, the FBW modes were 
determined, that provide the absence of defects (Fig-

Figure 3. Fractures of welded joints: a — with defects (oxide films); b — without visible defects

Figure 4. Microstructure of base metal of 2219-T87 alloy along (a) and across (b) the rolled metal
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ure 3, b) along the joint line. It was established that a 
low-temperature resistance heating to 200 °С with a 
subsequent flashing during 15 s and deformation at the 
value of upsetting pressure not lower than 500 MPa pro-
vide the formation of high-quality joints. After obtaining 
positive results, batches of specimens were welded for 
metallographic examinations and mechanical tests.

The results of examinations of the microstructure 
of the base metal (BM) and welded joints (WJ) made 
by FBW are shown in Figures 4‒6. The base metal 
of 2219-T87 alloy (Figure 4) is characterized by a 
pronounced texture with the grains deformed in the 
direction of the rolled metal and a large number of θ′-
phase particles (CuAl2) of different sizes, arranged in 

Figure 5. Structure of welded joint of specimens of 2219-T87 alloy: thickness δ = 15 mm: a — weld across the rolled metal; b — weld 
along the rolled metal

Figure 6. Microstructure of welded joint of 2219-T87 alloy of weld across (a‒c) and along the rolled metal (d‒f)
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the form of «chains», the largest particles have a size 
of 10‒15 µm.

Approaching the joint line, a change in the orien-
tation of the grains is observed, and the direction of 
rolled metal fibers in the zone of thermomechanical 
effect (ZTME) gradually changes to 90° as com-
pared to the initial direction of BM grains and co-
incides with the direction of metal extrusion during 
upsetting deformation (Figure 6). As a result of metal 
extrusion into the gap between the forming devices, 
the θ-phase precipitations are partially dissolved in 
ZTME — their size decreases, clusters in the form of 
«chains» are partially destroyed, the particles become 
separated. Such structure indicates a significant effect 
of intense plastic deformation during upsetting with 
a forced formation (extrusion) on the morphology of 
secondary phase precipitates.

In the welded joint both across (Figure 6, a–c) as 
well as along the rolled metal (Figure 6, d–f), such 
defects as oxide films, delaminations and eutectic 
formations are absent. In HAZ coarsening of θ-phase 
particles (CuAl2) and the emergence of a split eutec-
tic are not observed, which is characteristic for the 
methods of fusion welding [7‒12] and FSW [13‒18] 
of 2219 alloy.

The size of the θ-phase particles in the center of 
the butt (joint area with a width of 150‒200 μm) is 
1‒2 μm, which is much smaller than that for BM of 
the alloy, and indicates the complete dissolution of the 
particles during welding and their repeated precipita-
tion in a more dispersed form during cooling. Analy-
sis of the microstructure (Figure 6) shows the forma-
tion of the joint through a thin layer of melt, which is 
a necessary condition for a high-quality welding of 
aluminium alloys.

Analysis of the hardness distribution in the joint 
zone of 2219-T87 alloy (Figure 7) shows that the 
width of the HAZ is about 28 mm. The decrease in 
hardness values is predetermined by structural trans-
formations in the joint zone of 2219-T87 alloy under 
the influence of the FBW thermal cycle, namely by 
the dissolution and coagulation of nanosized strength-
ening of the θ′-phase.

The results of tensile tests of BM of 2219-T87 al-
loy and welded joints are given in Table 2. Therefore, 
the tensile strength σt of the welded joints of the plates 
with a thickness of 15 mm from 2219-T87 alloy, pro-
duced by FBW, is 76 % of the strength values of the 
BM alloy both with the arrangement of the weld along 
and across the rolled metal.

Conclusions

1. It was established that a resistance preheating of 
specimens of 2219-T87 alloy to a temperature of 
200 °C and conducting FBW with a forced formation 
under pressure value at an upsetting of not lower than 
500 MPa, provide the formation of high-quality (de-
fect-free) joints.

2. The microstructure of the metal in ZTME of the 
joint of 2219-T87 alloy indicates a significant effect 
of intense plastic deformation during upsetting with a 
forced formation on the morphology of θ-phase parti-
cles (CuAl2). As a result of extrusion of the metal in a 
gap between the forming devices, a partial dissolution 
of the θ-phase particles occurs — their size decreas-
es, clusters in the form of «chains» are partially de-
stroyed.

3. The size of the θ-phase particles in the center of 
the joint zone with a width of 150‒200 μm is 1‒2 μm, 
which is predetermined by the complete dissolution 
of the θ-phase during welding and a repeated precip-
itation into a more dispersed form during cooling. 
Such a transformation of CuAl2 particles indicates 
the formation of a joint through a thin layer of the 

Table 2. Mechanical properties of base metal and welded joints of 2219-T87 alloy depending on the direction of the rolled metal

Specimen σt, MPa σ0.2, MPa δ5, % Bending angle α°
KCV, J/cm2 
(Т = 20 °С)

Strength coefficient 
σt WJ/σt BM

Weld across the rolled metal
BM 486 413 10.9 37 13.9 ‒
WJ 372 263 4.3 33 16.6 0.76

Weld along the rolled metal
BM 486 410 8.0 21 6.9 ‒
WJ 372 249 5.0 31 20.5 0.76

Figure 7. Hardness distribution in the welded joint zone of 15 mm 
thick specimens from 2219-T87 alloy
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melt, which is a necessary condition for a high-quality 
welding of aluminium alloys.

4. The ultimate strength of the joints of 15 mm 
thick plates of 2219-T87 alloy, produced by the devel-
oped FBW technology, amounts to 76 % of the base 
metal of the alloy, both with the arrangement of the 
weld along and across the rolled metal. The decrease 
in hardness values in the joint zone is predetermined 
by the dissolution and coagulation of nanosized 
strengthening θ′-phase.
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