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The article analyzes the structural features, characteristics of strength and life of butt joints of aluminium-lithium 1460 
alloy with a thickness of 2 mm, produced by friction stir welding and argon arc welding using nonconsumable elec-
trode. It is shown that friction stir welding prevents the formation of a coarse-dendritic structure of welds, provides the 
formation of permanent joints with a minimum level of stress concentration at the place of transition from the weld to 
the base material and allows avoiding defects in the welds in the form of pores, oxide film and hot cracks, caused by 
melting and crystallization of metal during fusion welding. 16 Ref., 7 Figures.
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Light, durable and corrosion-resistant aluminium-lith-
ium alloys have a low density and a high modulus of 
elasticity, which allows them to be widely applied in the 
creation of aircraft and rocket space engineering. 1460 
alloy of the alloying system Al‒Cu‒Li (nominal compo-
sition is 3 % Cu; 2 % Li) with the addition of zirconium 
and scandium is the most high-strength (> 500 MPa at 
a density of 2.6 g/cm3). A simultaneous increase in the 
values of strength and ductility of this alloy at ultra-low 
temperatures makes it promising for manufacture of 
welded cryogenic tanks [1‒3]. In most cases, to produce 
permanent joints different methods of fusion welding are 
used. A weld is formed as a result of melting a certain 
volume of joined materials and filler wire in the com-
mon welding pool and their crystallization. This leads 
to significant structural transformations both in the weld 
metal as well as in the adjacent areas of the base ma-
terial, as well as the formation of typical defects in the 
form of pores, macroinclusions of oxide films and hot 
crystallization cracks. Therefore, the tensile strength of 
such welded joints in most cases does not exceed 70% 
of this value for the base material [4, 5].

During friction stir welding (FSW), the weld is 
formed in the solid phase due to heating of a small 
volume of metal to a ductile state as a result of friction 
and stirring it across the entire thickness of the welded 
edges with the working surfaces of a special tool. Due 
to that it is possible to avoid the problems caused by 
melting and crystallization of metal, and to keep the 
properties of semi-finished products in welded assem-
blies applied at their manufacturing as much as possi-

ble [6, 7]. As compared to fusion welding, among the 
main advantages of FSW process there are formation 
of fine-crystalline structure of joints and complete 
preservation of alloying elements in them, absence of 
pores, oxide inclusions and hot cracks, reduction of 
metal softening in the welding zone and the level of 
residual stresses and strains in the joints, as well as 
increase in their tensile strength under static tension 
and fatigue resistance under cyclic loads [8‒11].

The aim of the work is to evaluate the advantages 
of FSW process over argon arc welding using non-
consumable electrode (AAWNE) in producing butt 
joints of thin-sheet aluminium-lithium 1460 alloy.

For investigations, sheets of aluminium-lithium 
1460 alloy with a thickness of 2 mm were used. Butt 
joints were produced by argon arc welding using non-
consumable electrode at a speed of 20 m/h at a current 
of 145 A in the MW-450 welding installation («Fro-
nius», Austria) with the use of the filler wire Sv1201 
of 1.6 mm diameter. FSW was performed in a labora-
tory installation designed by the E.O. Paton Electric 
Welding Institute, using a special tool with a conical 
tip and a bead of 12 mm diameter [12], the speed of 
rotation of which was 1420 rpm, and the speed of 
linear movement was 14 m/h. The produced welded 
joints were used to make microsections for the study 
of structural features of welds and specimens with a 
width of working part being 15 mm to determine their 
tensile strength at a uniaxial tension in accordance 
with DSTU EN ISO 4136x. The specimens produced 
by AAWNE were tested both with the melts removed 
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to the level of the base material and with addition-
ally cleaned weld reinforcements. The width of the 
working part of the specimens to determine fatigue 
resistance was 25 mm. Mechanical tests of the speci-
mens were performed in the universal servohydraulic 
complex MTS 318.25. Cyclic tests were performed 
at an axial regular loading at a load cycle asymmetry 
coefficient Rσ = 0.1 and a frequency of 15 Hz until a 
complete fracture of the specimens. Under the same 
conditions, 5‒7 specimens of the same type were test-
ed. The experimental data of fatigue tests were pro-
cessed by the methods of linear regression analysis, 
typical for this type of tests. Based on the obtained 
results, a corresponding fatigue curve was constructed 
for each series of specimens on the basis of the estab-
lished limits of fatigue resistance — regression line of 
experimental data in the coordinates 2σа – lg/N. The 
hardness of metal was measured on the facial surface 
of the cleaned joints. The degree of softening the met-
al in the welding zone was evaluated in the device 
ROCKWELL at a load of P = 600 N. Evaluation of 
structural features of welded joints was carried out 
by means of the optical (MIM-8) and transmission 
microdiffraction electron microscopy (JEM-200CX). 
Thin foils for «transmission» were prepared by a two-
stage method — preliminary electropolishing and a 
subsequent multiple ion thinning by ionized argon 
fluxes in a special installation [13], which allowed 
making all structural-phase components of the studied 
welds «transparent» for electrons.

As a result of the carried out investigations it was 
established that due to the formation of permanent 
joints on a substrate without a groove and without 
the use of a filler wire, the welds produced in FSW 
as to the shape and sizes favourably differ from the 
welds produced by fusion (Figure 1). The absence of 
penetrations and reinforcements on such welds allows 
avoiding high levels of stress concentration in the 
places of transition from a weld to the base materi-
al, which negatively influence the operational and life 
characteristics of welded joints.

In addition, the formation of permanent joints in the 
solid phase without melting the base material prevents 
the appearance of defects in the form of pores typical 
for fusion welding (see Figure 1, b, d). The absence of 
molten metal in the welding zone, in which the solubility 
of hydrogen increases sharply, avoids the additional sat-
uration by it of this zone as a result of migration of this 
gas from the adjacent metal layers, whereas stirring and 
thickening of the welded metal in the zone of permanent 
joint formation provides producing welds without pores.

Deformation and intensive stirring of the plas-
ticized metal throughout the entire thickness of 
the welded edges promotes the refinement of oxide 
films, which are instantly formed on them even af-
ter mechanical removal immediately before welding, 

whereas the absence of molten metal in the area of the 
permanent joint formation avoids its oxidation during 
welding. Therefore, in the welds produced by FSW, 
defects in the form of separate or extended [14, 15] 
macroinclusions of oxide films typical for the welds 
produced by AAWNE of aluminium-lithium 1460 al-
loy are absent (Figure 2).

The most dangerous and inadmissible defects for 
structures of critical purpose are hot cracks, which are 
quite often formed in the process of crystallization of 
molten metal at the place of accumulation of low-melt-
ing eutectic inclusions. During fusion welding of alu-
minium alloys, such crystallization cracks can occur 
both in the weld metal as well as in the area of its fusion 
with the base material. The carried out investigations 
showed that in AAWNE of special Holdcroft spec-
imens, which allow evaluating hot brittleness of alu-

Figure 1. Cross-sections (a, b) and root parts (c, d) of welds 
of 1460 alloy of 2 mm thickness, produced by FSW (a, c) and 
AAWNE (b, d)

Figure 2. Defects in the form of typical separate (a) and elongat-
ed (b) macroinclusions of oxide films on longitudinal fractures 
of welds of 1460 alloy of 2 mm thickness, produced by AAWNE
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minium alloys during fusion welding without the use of 
filler wire, hot cracks are formed in the central part of 
the welds (Figure 3). Of course, in case of FSW of such 
specimens hot cracks cannot appear, as far as welding 
occurs in the solid phase, when the processes of metal 
fusion and crystallization are completely absent.

Analysis of the microstructure of welded joints of 
aluminium-lithium 1460 alloy, produced by AAWNE, 
showed that the weld metal has a mainly fine-crys-
talline structure with manifestations of central crys-
tallite in some parts of individual fragments (Figure 
4). Near the zone of fusion of the weld with the base 
material, a layer with a small subdendritic structure 
is observed in it (Figure 4, b–d). In the heat-affected 
zone (HAZ) near the zone of fusion of the weld with 

the base material there are areas of overheating and 
recrystallization. The length of the melting zone of 
the structural components is about 2.25 mm from the 
fusion boundary of the weld with the base material. In 
the HAZ, the grains that are directly adjacent to the 
abovementioned zone have the largest size.

When this alloy is welded by friction stir method, 
in the central part (core) of the weld, as a result of 
intensive plastic deformation of the metal, very fine 
(3‒5 μm), equiaxed grains are formed (Figure 4 d, e, 
f). In the zone of thermomechanical impact, a smooth 
change of grain orientation in the direction of move-
ment of working surfaces of the tool occurs. As a re-
sult, long elongated grains are formed in it, oriented 
along this trajectory, as well as small equiaxed grains.

Analysis of the fine structure of the weld metal pro-
duced by AAWNE and FSW showed that in both cases 
two types of phase precipitations are formed. Some of 
them (grain boundary phases or phases of intergranular 
type), which are located along the intergranular bound-
aries, are represented by eutectic formations (Figure 5). 
Another type of phase formations is intergranular phase 
precipitations or phases of intergranular type. The weld-
ing method significantly affects the size of such phase 
precipitations. Thus, in the welds produced by fusion, 
grain boundary phases can have a thickness of up to 
0.2–0.5 μm and a rather considerable elongation (up to 
2.0‒2.5 μm). Phases of the intergranular type differ in 
a globular shape and can be 6 times higher than similar 
precipitations in the base material. In the welds produced 
by friction stir welding, the sizes of phase precipitations 
are by 2.5‒3.5 times smaller. At the same time, a signif-
icant increase in their amount at a uniform distribution 
both over intergranular as well as over grain boundary 
volumes is observed. In addition, a significant part of 
phase precipitations is surrounded by a near-phase shell, 

Figure 3. Holdcroft specimens of 1460 alloy of 2 mm thickness, 
welded by FSW (a) and AAWNE (b)

Figure 4. Microstructure (×400) of the base metal (a) and welded joints of aluminium-lithium 1460 alloy of 2.0 mm thickness, pro-
duced by AAWNE with the use of a filler wire Sv1201 (b, d — zones of fusion of the weld with the base material; c — weld) and FSW 
(e — zone of thermomechanical impact on the side of the tool; f — core of the weld; g — zone of thermomechanical impact on the 
side of its moving away)
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which may indicate an intensive alloying of a local near-
phase space in the volumes of matrix grains.

Due to a lower temperature of heating welded edg-
es and the formation of fine-crystalline weld structure, 
in the process of FSW, the level of softening of the 
metal is less than in AAWNE (Figure 6). Therefore, 
as a result of measurements of hardness of metal in 
different areas of welded joints it was established that 
the minimum hardness of weld metal produced by 
AAWNE with the use of a filler wire Sv1201 amounts 
to HRB 71, and in the zones of its fusion with the base 
material it is HRB 82‒83. Whereas, in FSW the hard-
ness of the metal in the weld and its zones of mating 
with the base material is at the level of HRB 85‒86.

Therefore, in the case of uniaxial static tension, 
the specimens of welded joints without reinforcement 
of the weld, produced by AAWNE with the use of a 
filler wire Sv1201, are fractured along the weld metal 
and have the lowest (257 MPa) strength. The fracture 
of welded joint specimens produced by FSW occurs 
in the zone of thermomechanical impact. In this case, 
their tensile strength is at the level of 310 MPa as in 
the specimens with the weld reinforcement produced 
by AAWNE, which are fractured in the area of fusion 
of the weld with the base material.

The experimentally determined fatigue curves of 
butt joints of aluminium-lithium 1460 alloy produced 

Figure 5. Fine structure of weld metal of aluminium-lithium 1460 alloy produced by AAWNE (a, b) and FSW (c, d) with the grain 
boundary phases (a, c) and intergranular phase precipitations (b, d), typical for these methods of producing permanent joints (b, d): a, 
b, d — 30000; c — 20000

Figure 6. Distribution of hardness in welded joints of 1460 alloy 
of 2 mm thickness, produced by FSW and AAWNE

Figure 7. Fatigue curves of base metal and welded joints of alu-
minium-lithium 1460 alloy of 2 mm thickness at an asymmetry of 
the stress cycle Rσ = 0.1
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by FSW indicate a high fatigue resistance of such joints 
[16]. The limits of fatigue strength of specimens of the 
joints of aluminium 1460T1 alloy produced by FSW at 
an asymmetry of a cycle of stresses Rσ = 0.1 amount to 
75‒77 % of the corresponding indices of the base metal 
in the entire area of life of 105–2∙106 of stress change 
cycles and for the base 105 and 2∙106 amount to 160 and 
123 MPa, respectively (Figure 7). The limit of fatigue 
resistance on the base 2∙106 of stress change cycles for 
the joints produced by AAWNE do not exceed 88 MPa, 
which is by 28 % lower than the same index for the 
joints produced by FSW.

Conclusions

1. The FSW process provides the formation of per-
manent joints of aluminium-lithium 1460 alloy with a 
minimum level of stress concentration at the places of 
transition from the weld to the base material and al-
lows preventing the formation of defects in the welds 
in the form of pores, macroinclusions of oxide films 
and hot cracks typical for AAWNE and those prede-
termined by melting and crystallization of metal.

2. The formation of permanent joints in the sol-
id phase allows avoiding the formation of a cast 
coarse-dendritic structure of the welds, inherent in the 
processes of fusion welding. At the same time, around 
the tip of the tool, where the metal experiences the 
greatest thermomechanical impact, due to its intense 
plastic deformation a refinement of grains and the for-
mation of a new homogeneous disoriented structure 
in the weld core with a grain size of 3‒5 μm and dis-
persed (0.06‒0.40 μm) eutectic phase precipitations 
occur. Near the core in the zone of thermomechanical 
impact a combined zone is formed, which contains 
small equiaxed grains and deformed thin elongated 
grains, oriented along the direction of movement of 
the working surfaces of the tool.

3. In FSW of thermally strengthened alumini-
um-lithium 1460 alloy as a result of thermomechani-
cal impact besides a refinement of grains in a welding 
zone, which promotes an increase in the hardness of 
metal, at the same time a partial precipitation of ex-
cessive phases from a supersaturated solid solution 
and their coagulation occurs, as a result of which a 
hardness of metal is slightly reduced. However, the 
degree of softening the metal in the zone of a per-
manent joint formation in FSW is much lower than 
in AAWNE. Due to that, the tensile strength of the 
specimens of welded joints produced by FSW is at the 
same level with this index for the specimens with the 
weld reinforcement and is by 20 % higher than for the 
specimens without the weld reinforcement, produced 
by AAWNE with the use of a filler wire Sv1201.

4. As a result of experimental studies, it was found 
that the butt joints of aluminium-lithium 1460 alloy, 
produced by FSW, have a high fatigue resistance and 
can be successfully used in structures operated under 
variable loads. The limits of fatigue resistance of the 
specimens of welded joints at an asymmetry of a cy-
cle of stresses Rσ = 0.1 amount to 75‒77 % from the 
corresponding indices of base metal in the entire area 
of life of 105‒2∙106 of stress change cycles and for the 
base 2∙106 it amount to 123 MPa.

1. Bratukhin, A.G. (2003) Modern aircraft materials: Techno-
logical and functional peculiarities. Moscow, Aviatekhinform 
[in Russian].

2. Beletsky, V.M., Krivov, G.A. (2005) Aluminium alloys (com-
position, properties, technology, application): Refer. Book. 
Ed. by I.N. Fridlyander. Kiev, KOMINTEKh [in Russian].

3. (2002) Aircraft materials. Selected works of VIAM for 
1932‒2002: Jubilee Sci.-Techn. Collect. Ed. by E.N. Kablov. 
Moscow, MISIS VIAM, 198–220 [in Russian].

4. Rabkin, D.M., Lozovskaya, A.V., Sklabinskaya, I.E. (1992) 
Physical metallurgy of welding of aluminium and its alloys. 
Ed. by V.N. Zamkov. Kiev, Naukova Dumka [in Russian].

5. Mashin, V.S., Poklyatsky, A.G., Fedorchuk, V.E. (2005) Me-
chanical properties of aluminium alloys in consumable and 
nonconsumable electrode arc welding. The Paton Welding J., 
9, 39‒45.

6. Thomas, W.M., Nicholas, E.D., Needham, J.C. et al. (1991) 
Friction stir butt welding. Int. Pat. Appl. PCT/GB 92/02203; 
GB Pat. Appl. 9125978.8.

7. Dawes, C.J., Thomas, W.M. (1996) Friction stir process welds 
aluminum alloys. Welding J., 3, 41–45.

8. Defalco, J. (2006) Friction stir welding vs. fusion welding. 
Ibid., 3, 42–44.

9. Ericsson, M., Sandstrom, R. (2003) Influence of melting 
speed on the fatigue of friction stir welds, and comparison 
with MIG and TIG. Int. J. Fatigue, 25, 1379–1387.

10. Enomoto, M. (2003) Friction stir welding: Research and in-
dustrial applications. Welding Intern., 5, 341–345.

11. Larsson, H., Karlsson, L., Svensson, L. (2000) Friction stir 
welding of AA5083 and AA6082 aluminium alloys. Svetsar-
en, 2, 6–10.

12. Ishchenko, A.Ya., Poklyatsky, A.G. (2010) Tool for friction 
stir welding of aluminium alloys Pat. 54096, Int. Cl. B23K 
20/12; u201005315; Filled 30.04.2010; Publ. 25.10, PWI [in 
Ukrainian].

13. Darovsky, Yu.F., Markashova, L.I., Abramov, N.P. et al. 
(1985) Procedure of thinning of permanent welded joint 
samples for electron microscopic examinations. Avtomatich. 
Svarka, 12, 60 [in Russian].

14. Poklyatsky, A.G., Lozovskaya, A.V., Grinyuk, A.A. (2002) 
Prevention of formation of oxide films in welds on Li-con-
taining aluminium alloys. The Paton Welding J., 12, 39–42.

15. Lukianenko, A., Motrunich, S., Labur, T. et al. (2020) Me-
chanical properties of welded thin sheets of Al–Cu–Li alloy 
and noise level assessment during FSW and TIG welding. 
FME TRANSACTIONS, 49(1), 220–224.

16. Motrunich, S., Klochkov, I., Poklyatsky, A. (2020) High cycle 
fatigue behaviour of thin sheet joints of aluminium–lithium 
alloys under constant and variable amplitude loading. Weld 
World, 64, 1971–1979.

Received 20.05.2021


