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An essential difference in formation of structural-phase state of weld metal of aluminium alloy 1460 at
application of various technological conditions of welding is shown. In nonconsumable electrode argon-arc
welding the weld metal is characterized by an essential increase of the dimensions of phase precipitates in
inner grain bulk, formation of massive extended eutectics of intergranular type, as well as a pronounced
coarsening of granular structure, that is related to active development of the processes of collective recrys-
tallization under the impact of temperature mode of welding. Structural-phase state of weld metal under
the conditions of friction stir welding is characterized by a more marked dispersion of phase precipitates
and their uniform distribution, as well as grain refinement as a result of dynamic recrystallization, due to
intensive impact of deformation processes localized in the welding zone. 11 Ref., 6 Figures.
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Engineering demand for various materials is de-
termined, as a rule, by the possibility of providing
the required set of service characteristics of met-
als and alloys of a certain class, as well as their
welded joints. This is particularly true for super-
light materials, including Al—Li alloys, used in
aircraft and aerospace engineering, where it is
necessary to guarantee not only a high adaptabil-
ity to fabrication, but also the required level of
strength, ductility and crack resistance under
complex service conditions, also at cryogenic and
elevated temperatures [1, 2]. Considering that
practically all the properties of any materials are
determined mainly by their structural-phase state
that undergoes essential changes under different
conditions of thermodeformational impact, it is
rational to study the most significant structural
components formed in the welded joint metal
under the influence of the used technological con-
ditions. It is particularly urgent for welded joints
of complex-alloyed aluminium alloys, which are
characterized by an abrupt change of not only
the structures, but also phase precipitates (PP)
during various technological operations, also un-
der the impact of welding processes.

In addition, at selection of the most optimum
processes of aluminium alloy welding it is be-
lieved to be interesting to assess the role of the
main structural components (PP, dislocation

density, substructures) in variation of welded
joint strength and crack resistance that is exactly
the objective of this work.

Material and procedures. In this work welded
joints of sheet (rolled) high-strength Al—Li alloy
1460 2 mm thick were studied with application
of two welding processes. The first process is
automatic nonconsumable electrode argon-arc
(TIG) welding at the speed of 20 m/h in MW-
450 system (Fronius, Austria) at 140 A current,
using Sv1201 welding wire as filler material. The
second process is friction stir welding (FSW)
performed in the laboratory unit designed at
PWI. In the last case a special tool with a conical
tip and edge of 12 mm diameter was used to
produce butt joints, its rotation speed being
1420 rpm, and linear speed of its displacement
along the butt was 14 m/h. Samples for research
performance were prepared from the base metal
and weld metal of joints.

Basic experimental information about the na-
ture of the main structural components, having
a considerable influence on service properties of
welded joints, particularly, structural-phase
transformations, which occur at the change of
welding processes, was obtained with application
of optical and transmission microdiffraction elec-
tronic microscopy (JEOL JEM-200CX) at accel-
erating voltage of 200 kV. Thin foils for trans-
mission studies were made by a two-step
method – preliminary electric polishing with
subsequent multiple ion thinning by ionized
flows of argon in a specially developed unit [3].
The latter allowed not only widening the inves-© L.I. MARKASHOVA, A.G. POKLYATSKY and O.S. KUSHNARYOVA, 2013
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tigation fields (increasing the statistics), but also
making all the structural-phase components of
analyzed material «transparent» for the elec-
trons.

Investigation results. The structure, as well
as fine structure of base metal and welds of
welded joints of high-strength Al—Li alloy 1460
made by TIG welding and FSW was studied.

Base metal. As shown by optical and electron
microscopy investigations, base metal of 1460 al-
loy is characterized by a structure with grain size
dgr = 10—40 μm (Figure 1, a), high (of the order
of 1—3⋅1011 cm—2) and relatively uniform (along
certain directions) dislocation density ρ (Figu-

re 2). Here formation of a more fine-grained cel-
lular structure (Figure 2, a, c) of dimensions dc ~
~ 0.15—0.40 μm and substructure of dimensions
ds in the range of 0.7—3.2 μm (Figure 2, d) is
observed in some base metal grains. Obtained
photos reveal the orientation of structural com-
ponents (grains, subgrains) with different dislo-
cation density that is characteristic for band
structures forming under the conditions of ori-
ented deformation (for instance, rolling). As re-
gards PP, in the base metal PP of Al—Li, Al—Cu
and similar types are relatively uniformly dis-
tributed both in the inner volumes and along
matrix grain boundaries, but do not have any

Figure 1. Microstructures (×400) of base metal of 1460 alloy (a) and welds made by TIG welding (b) and FSW (c)

Figure 2. Microstructures of base metal of aluminium alloy 1460: a, b – distribution of dislocations and PP in inner
grain volumes (a – ×20000, b – ×37000); c, d – same along grain boundaries (c, d – ×30000)
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clearcut orientation. Dimensions of such PP are
equal to approximately 0.14—0.35 μm (see Fi-
gure 2, a, b).

Structural-phase state of weld metal in TIG
welding. The structure, as well as fine structure
of weld metal of high-strength Al—Li alloy 1460
after TIG welding is characterized by lowering
of dislocation density by two orders of magnitude
to ρ ~ 2—6⋅109 cm—2 (Figure 3), compared to the
level of density in the base metal. In addition,
rectilinearity of individual dislocations at their
uniform distribution, absence of dislocation clus-
ters, and overall rather considerable coarsening
of the structure (by almost 2 times) (see Figure 1,
b) is indicative not only of active development
of the processes of collective solidification
(through migration of primary grain bounda-
ries), but also of equilibrium of coarse-grained
structure of weld metal, forming under the con-
ditions of fusion welding.

A feature of the structure of metal of welds
made by TIG welding also is the nature of PP,
their dimensions and distribution in different
weld zones. A characteristic feature of phase for-
mation under TIG welding conditions is forma-
tion of two PP types. With the first type PP are
formed along grain boundaries (phases of inter-

granular type), and they are eutectic formations
of thickness up to δ ~ 0.2—0.5 μm at their con-
siderable extent (approximately 2.0—2.5 μm)
(Figure 3, a, b). The second type of PP are phases
of intragranular type (Figure 3, c, d), which are
characterized by a globular shape and large di-
mensions (approximately 6 times larger than
those in the base metal). In addition, the volume
fraction of such intragranular PP is much smaller
compared to volume fraction of those in the base
(initial) metal.

Structural-phase state of weld metal in FSW.
It is found that the metal of welds of Al—Li alloy
1460 is characterized by distinct features of the
main structural components, namely granular,
subgranular, dislocation and phase. So, unlike
the essential coarsening of the grains by the
mechanism of collective recrystallization, char-
acteristic for the conditions of fusion welding,
structural transformations of another type are
observed in the metal of FSW welds, namely
considerable structure refinement (see Figure 1,
c), associated with actively running processes of
dynamic recrystallization, i.e. recrystallization
by the nucleation mechanism. Total dislocation
density increases up to ρ ~ 3—6⋅1010 cm—2 that is
by an order of magnitude higher than bulk dis-

Figure 3. Microstructures of weld metal of alloy 1460 made by TIG welding: a, b – extended grain boundary eutectics
(a – ×30000; b – ×20000); c, d – PP in inner grain volumes (c – ×20000, d – ×30000)
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location density in the metal of welds in fusion
welding (Figure 4, a). Increase of intragranular
dislocation density is accompanied by active re-
distribution of dislocations, that is indicated by
formation of substructural elements – blocks,
fragments, etc. (Figure 4, b).

Apparently, structure refinement and activa-
tion of dislocation redistribution under FSW con-
ditions are due to intensive deformation of weld
metal heated up to plastic state and prevalence
of deformation-activated processes in structural
changes (dynamic recrystallization) over ther-
mally activated processes (collective recrystalli-
zation).

The features of structural state of weld metal
obtained in the solid phase by FSW (compared
to metal of welds made by TIG welding) are a
considerable (by 2—5 times) refinement of PP
(dimensions of this PP type are in the ranges of
0.06—0.40 μm) and considerable increase of their
quantity at uniform distribution, occurring in all
the zones of weld metal – both in intragranular
and in grain-boundary volumes (see Figure 4).
The latter is, apparently, related to breaking up
of intravolume and grain-boundary eutectic
coarse phase, characteristic for weld metal ob-
tained by TIG welding. It should be noted that
the majority of PP forming in the weld metal

Figure 4. Microstructures of weld metal of 1460 alloy made by FSW: a, d – dislocation distribution; b, c, f – PP
distribution in grain bulk; e – same, but in grain-boundary zones of weld metal (a, c, d, f – ×30000; b, e – ×20000)
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under FSW conditions are surrounded by a near-
phase shell (see Figure 4, c), that is indicative
of intensive alloying of the local near-phase space
in matrix grain bulk.

Analytical assessment of the change of
welded joint properties. Proceeding from com-
prehensive experimental investigations of struc-
tural-phase components forming in the metal un-
der different thermodeformational conditions,
analytical assessment of their specific (differen-
tiated) contribution to the change of general (in-
tegrated) values of such a mechanical charac-
teristic as yield limit σy of base and weld metal
after cardinally differing welding processes,
namely TIG (argon-arc) welding and solid-phase
FSW was performed.

Analytical assessments of σy were performed
by Archard equation, including known Hall-
Petch, Orowan and other dependencies [4—11]:

Σσy = Δσ0 + Δσs.s + Δσgr + Δσs + Δσd + Δσd.s,

where Δσ0 is the metal lattice resistance to free
dislocation motion (lattice friction stress or
Peierls—Nabarro stress); Δσs.s is the solid solution
strengthening by alloying elements and impuri-
ties (solid solution strengthening); Δσgr, Δσs is
the strengthening due to the change of grain and
subgrain size (Hall—Petch dependencies, granu-
lar and subgranular strengthening); Δσd is the
dislocation strengthening due to interdislocation
interaction; Δσd.s is the strengthening due to dis-
persed particles by Orowan (dispersion strength-
ening).

General value of yield limit Σσy is given in
Figure 5, specific contribution Δσy of various
structural components to the above-mentioned
characteristic of base metal and weld metal, pro-
duced by various welding processes, is shown in
Figure 6.

It is found that in the base metal of 1460 alloy
the most significant contribution among the
structural-phase components determining the
yield limit values, should be made by: dislocation
component (Δσd = 127 MPa), subgrain (Δσs =
= 151 MPa) and grain strengthening (Δσgr =
= 62 MPa) (Figure 6, a), that, taken as percent-
age of the general value of yield limit, is equal
to 14, 28 and 33 %, respectively (Figure 6, b).

In fusion welding the contribution of the
above components decreases significantly, as dis-
location density in the metal of such welds drops
abruptly, whereas grain size increases consider-
ably, resulting in the assessed characteristics of

Figure 5. Total integral value of yield limit Σσy of alu-
minium alloy 1460 in different zones of the joint (base metal
and metal of welds made by TIG welding and FSW)

Figure 6. Histogram of differentiated contribution of structural-phase components of Δσy into calculated value of yield
limit (a), and sector diagrams (b—d) of structural contribution (solid solution, grain, subgrain, dislocation, dispersion)
into the total value of yield limit Σσy in base metal (b) and metal of welds made by TIG welding (c) and FSW (d)
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weld metal decreasing by 2—5 times in fusion
welding compared to base metal, namely to the
following values: Δσd = 20, Δσs = 36, Δσgr =
= 31 MPa. Percentagewise, the contribution of
the respective structures is equal to 12, 20 and
18 %, respectively (Figure 6, a, c). Here, solid
solution strengthening Δσs.s in the above type of
weld metal is equal approximately to 60 MPa,
i.e. 35 %.

In welds produced in the solid phase by FSW,
compared to welds made by fusion welding, a
significant increase of the yield limit values will
be promoted by: significant refinement of the
structure (Δσgr = 80 MPa), formation of sub-
structure (Δσs = 58 MPa), increase of dislocation
density (dislocation strengthening Δσd =
= 40 MPa) and significant increase of bulk den-
sity of dispersed and uniformly distributed PP
(Δσd.s = 70 MPa), that percentagewise in the
general (integral) value of Σσy is equal to, re-
spectively, 27, 21, 14 and 23 % (Figure 6, a, d).
Under FSW conditions this allows leveling the
gradients of strength characteristics (in this
case – the yield limit) between the base, i.e.
metal welded and weld metal to values of the
order of 156 MPa that is much less than the
gradient (of the order of 285 MPa) usually found
in fusion welding.

Conclusions

1. Integrated methods of investigation of welded
joints of complex-alloyed aluminium alloy 1460
were applied to determine the changes of key
structural-phase components, affecting the me-
chanical characteristics of welded joints at the
change of conditions of technological modes of
welding processes – from TIG welding to FSW
(solid phase welding).

2. Under the conditions of fusion welding,
the metal of welds is characterized by a coarse-
grained structure, lowering of total bulk density
of dislocations, formation of globular intragranu-
lar and extended intergranular PP of eutectic
type that is due to prevalence of thermal activa-
tion of relaxation processes.

3. Weld metal structure in FSW features an
abrupt refinement of the grain that is associated
with activation of the nucleation processes, in-
crease of the total dislocation density, as well as

significant PP dispersion at their uniform distri-
bution in intragranular and grain boundary vol-
umes, that is ensured by prevalence of thermode-
formational conditions at formation of structural-
phase state of weld metal.

4. Analytical assessment of the general (inte-
gral Σσy) value of the yield limit showed that in
the metal of welds made by FSW a total increase
of Σσy ~ 40 % is observed due to refinement of
grain (Δσgr ≤ 27 %) and subgrain (Δσs ≤ 21 %)
structures and PP dispersion (Δσd.s ≤ 23 %), that
considerably reduces the gradient of mechanical
characteristics between the base metal and weld
metal. Contrarily, lowering of yield limit value
Σσy of weld metal in fusion welding, which is
due to coarsening of the grain structure and low-
ering of general density of dislocations promotes
at increase of the gradient by the indices of yield
limit between the base metal and metal of welds
of the welded joint.
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