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An essential difference in formation of structural-phase state at application of different welding conditions — friction
stir welding compared to argon-arc welding — is considered in the case of welded joints of complex aluminium-lithium
alloys. The urgency of comprehensive experimental-analytical assessment of interrelation of welded joint structure and
properties is also shown. Assessments of specific contribution of structural-phase state (chemical composition, phase
dimensions, grain, subgrain and dislocation structure) into the change of the main service properties of welded joints
made by argon-arc welding and friction stir welding are considered, as well as the influence of welded joint structural
state on the nature of distribution, level of growing internal stresses and their relaxation mechanisms under specific

welding conditions. 10 Ref., 5 Figures.
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Welded joints of complex aluminium alloys, exten-
sively applied in aircraft and aerospace engineering
and operating, as a rule, under complex operation con-
ditions, should provide reliable mechanical properties
of welded structures, that is mainly determined by
structural-phase state of welding zone, formed during
the applied technological operations, namely alloy-
ing, welding conditions, etc. [1]. In this respect, the
issue of structure influence on properties is extremely
urgent, particularly for welded joints of complex alu-
minium alloys. These alloys are characterized by an
abrupt change not only of structures, but also of phase
precipitates (PP) during various technological oper-
ations, including the influence of welding processes.

To assess the role of technological modes used in
friction stir welding (FSW), in the change of weld-
ed material properties, namely strength, ductility and
crack resistance characteristics [2—6], it appears ap-
propriate to compare the dependencies of welding
modes <> joint properties with similar interconnec-
tions studied (and in sufficient detail) for the regularly
used processes of aluminium alloy welding, to which
TIG welding belongs.

Material and procedures. To compare the in-
fluence of different welding modes on welded joint
properties, investigations were performed on welded
joints of complex Al-Li alloys 1460 (%: Al-3Cu—
2Li—0.08Sc) produced by TIG welding in MW-450
unit (Fronius, Austria) under the following condi-

tions: 20 m/h speed and 140 A current at application
of Sv1201 and Sv1201 + 0.5 % Sc fillers. Struc-
ture-phase state of welded joints made by FSW with-
out the filler in laboratory unit designed at PWI was
studied in parallels. In the latter case a special tool
with a conical tip and 12 mm diameter shoulder was
used to produce butt joints, tool rotation speed here
being equal to 1420 rpm, and linear speed of its move-
ment along the butt being 14 m/h.

Complete experimental data on structural-phase
state of welded joint metal was derived with appli-
cation of the methods of light, analytical scanning
(SEM-515, Philips, The Netherlands), as well as
microdiffraction transmission electron microscopy
(JEM-200CX, JEOL, Japan) with accelerating volt-
age of 200 kV.

Proceeding from the complex of investigations,
analytical assessments of specific (differentiated)
contribution of different structural factors and their
parameters (chemical composition, volume fraction
and phase precipitate dimensions, grain, subgrain
and dislocation structure) into the change of service
characteristics of welded joints were performed on all
structural levels.

Analytical assessment of the total (integral) value
of yield point ¥o, was performed using the known de-
pendence [7-10]:
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Figure 1. Microstructure (x500) of metal of Al-Li alloy 1460 welds produced by TIG welding with application of Sv1201 (a) and

Sv1201 + 0.5Sc (b) filler wire and by FSW (¢)

including Ac, — metal lattice resistance to free dis-
location movement (lattice friction stress or Peierls—
Nabarro stress); Ac_ — solid solution strengthening
by alloying elements and impurities (solid-solution
strengthening); Ao, Ac, — strengthening due to
the change of the size of grain and subgrain (Hall-
Petch dependencies — grain-boundary and subgrain
strengthening); Ac, — dislocation strengthening due
to interdislocation interaction; Ac,, — strengthening
due to phase formation particles, according to Orow-
an (dispersion hardening).

Features of formation of local internal stresses
T,,,— internal stress concentrators (their level, extent,
interrelation with structural features of welded joint
metal) were determined by dependence [6]:

T, = Gbhp /(1 =Vv)],

where G is the shear modulus; b is the Burger’s vec-
tor; A = 2-107° cm is the foil thickness; v is the Pois-
son’s ratio; p is the dislocation density.

Figure 2. Phase distribution in grain volumes of metal of 1460
alloy weld produced by TIG welding (¢« — PP on grain inner vol-
umes (%x2000); b — extended grain-boundary eutectics (X30000);
¢ — near-boundary PFZ (x3000)) and by FSW (d, e— PP in grain
volumes (x30000); f— PP in grain-boundary zones of weld metal
(%x30000))

Investigation results. The following was estab-
lished as a result of investigation of aluminium alloy
TIG-welded joints produced without scandium alloy-
ing and those alloyed with scandium (Figure 1, a, b).
Weld metal of joints of Al-Li alloy 1460 at applica-
tion of Sv1201 filler (without scandium alloying) is
primarily characterized by coarse-grained structure
which is quite clearly revealed at investigation by
optical microscopy method (Figure 1, a). More over,
the TEM method reveals formation of coarse globu-
lar intragranular phase precipitates with 4, of up to
~3.5 um, extended massive intergranular eutectics
of thickness £, of up to ~5 pum, as well as presence
of precipitation-free zones (PFZ) along the grain
boundaries. As is known, lowering of mechanical
characteristics of welded joints is associated with the
latter. Non-uniformity of dislocations distribution in
weld metal of this type of joints is noted, particular-
ly along extended near-boundary PFZ, where dislo-
cation density decreases practically by an order (to p
= 3-10® cm2), compared to intragranular dislocation
density, where p ~ (2-6)-10° cm? (Figure 2, a—).

Now, under the conditions of weld metal alloy-
ing by scandium (up to 0.5 %), which is known to be
the structure modifier after welding, certain changes
are observed in the structure of welding zone metal,
compared to respective structures in welded joints
unalloyed by scandium. Such changes include, main-
ly, refinement of grain structure (see Figure 1, b),
grain-boundary eutectics, dispersion of phase precip-
itates in grain volumes in combination with certain
increase of dislocation density to p ~ (4-9)"10° cm™.

Investigations of the features of structural chang-
es at FSW revealed the following. Unlike significant
grain coarsening by collective recrystallization mech-
anism, characteristic for fusion welding, considerable
structure refinement (see Figure 1, ¢) is observed in
FSW weld metal, which is associated with actively
running processes of dynamic recrystallization, i.e.
recrystallization by nucleation mechanism.

More over, structure of weld metal in FS-welded
joints features an increase of overall dislocation den-
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sity up to p ~ (3—6):10%° cm2, that is by an order of
magnitude higher than volume dislocation density of
weld metal in fusion welding (Figure 2, d, e). Here,
increase of intragranular dislocation density is accom-
panied by active redistribution of dislocations, that
is indicated by formation of substructural elements,
namely blocks, fragments, etc.

Apparently, structure refinement and activation of
dislocation redistribution under the conditions of fric-
tion welding are due to intensive deformation of weld
metal heated up to the plastic state and prevalence of
dynamic recrystallization over collective one, respec-
tively.

The next feature of structural state of weld metal
produced under FSW conditions (compared to weld
metal, produced by fusion welding) is an essential re-
fining of PP (by 2.5 to 5 times) and an essential increase
of their quantity at uniform distribution, being observed
in all the weld metal zones — both in intragranular, and
grain boundary volumes (see Figure 2, d, e).

Fragmentation of such problematic for aluminium
alloys formations as grain-boundary eutectics also
takes place. All these structural changes in the weld-
ing zone are provided by prevalence of thermodefor-
mational processes in formation of structural-phase
state of weld metal at FSW.

Complete range of investigations on different
structural levels, which provides information about
all structural factors formed in the welding zone and
their parameters (size of grains, subgrains, chemical
composition, dimensions, distribution and volume

Integral £oy, MPa

metal

Figure 3. Change of integral Zo, at base-to-weld metal transi-
tion in aluminium alloy 1460 TIG-welded joints with Sv1201 and
Sv1201 + 0.5Sc fillers and in FS-welded joint

fraction of strengthening phases, as well as disloca-
tion structure), enables performing analytical evalu-
ation of specific contribution of various structures in
the studied zones, into the change of the most import-
ant service properties of welded joints, depending on
the used welding modes.

Structure contribution into strength charac-
teristics of Al-Li welded joints. As a result of per-
formed assessment of strength properties of studied
joints with Sc and without it after TIG welding, the
highest values are found in Sc-alloyed joints (Fig-
ure 3). Here, grain (Ao, ~29 %) and solid solution
(Ao, ~ 25 %) strengthening make the greatest contri-
bution into total (integral) value of yield point of met-
al of Sc-containing weld (Figure 4). And in the case
without Sc alloying, the greatest contribution to total
value of yield point is made, mainly, by solid solution
strengthening (Ao, ~ 28 %) (see Figure 4).
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Figure 4. Histogram of differentiated contribution of structural constituents into the calculated value of Acy (a), and pie charts (b—e)
showing percentage of structure contribution into total (integral) change of Xo, in different studied zones: in base metal (), in weld
metal after TIG welding with Sv1201 (¢) and Sv1201 + 0.5Sc (d) and after FSW (e)

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 5-6, 2016

83




FRICTION STIR WELDING

SB boundaries
= 580-1500 MPa, (0.34-0.85)Tiheor

Tlin

Tlins MPa
1600 § SB inner volumes

Tin =213 MPa
(0.003-0.0085 ) Tyjeor

_///m,«;:.?;;;f ”;///////;;i il

~ SB boundaries
Structural factors SB inner volumes

a
Figure 5. Distribution of 7,

Under FSW conditions, assessment of total (inte-
gral) value, Xo_showed overall increase of strength
values by 40 %, compared to those for conditions of
TIG welding in the case without scandium (see Fig-
ure 3), that is ensured, mainly, by refinement of grain
(up to 27 %) and subgrain (up to 21 %) structures and
PP dispersion (up to 23 %) (see Figure 4).

Assessment of welded joint crack resistance.
Comprehensive structural studies in combination
with analytical evaluation also allowed clarifying the
nature of structural factors influence on cracking pro-
cesses in the welding zone of studied joints, which
are due to the features of development of deformation
localization zones, and local internal stresses (A, ).
This kind of investigations allows, first of all, deter-
mination of structures, influencing formation of 7, to
varying degrees.

Specific results of investigations and, primarily,
nature of dislocation structure distribution in the stud-
ied samples, allowed assessment of 7, , determina-
tion of their level and extent. More over, respective
investigations allow establishing structural factors,
provoking growth of t,, concentrators (i.e. processes
of crack initiation and propagation), and determining
which structural factors block such processes, nega-
tive in terms of metal properties, as cracking.

Analytical evaluations showed that under TIG weld-
ing conditions extended raisers of 7, of up to 1500 MPa
((0.34-0.85)t, ) form in the metal without Sc, which
exactly are the zones of crack initiation and propa-
gation; and boundaries of powerful shear bands (SB)
also belong to such zones (Figure 5, @). Contrari-
ly, in SB inner volumes, 7, values drop markedly
(practically by 2 orders of magmtude) to ~5-15 MPa
((0.0016-0.0055)t, ) that eventually creates a
marked extended gradient of local internal stresses
(At,,), and, therefore, zone of crack initiation and
propagation along SB boundaries (Figure 5, a).

Under FSW conditions, an essential lowering (by
3.5 times) of the 1, (to 221-447 MPa) is observed
in weld metal mlcrostructure at uniform (without gra-
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dients) distribution of this type of local stresses over
the entire volume of weld metal (Figure 5, b), that is
exactly what ensures an increase of welded joint crack
resistance.

Thus, to improve strength characteristics and
crack resistance of welded joints of complex alumin-
ium alloys, it is necessary to try to achieve formation
of optimum structure that is provided by FSW, as
shown by investigations of interrelation of structure
and properties.

Conclusions

1. Comprehensive methods of investigation of weld-
ed joints of complex aluminium alloy 1460 enabled
establishing the changes in key structural-phase pa-
rameters, influencing mechanical characteristics of
welded joints at variation of the conditions of techno-
logical welding modes — from TIG (fusion) welding
to FSW (solid-phase).

2. Under TIG welding conditions, weld metal is
characterized by coarsening of grain structure, lower-
ing of total volume density of dislocations, formation
of globular intragranular and extended grain-bound-
ary phase precipitates of eutectic type.

3. It is found that under the conditions of fusion
welding, weld metal alloying by scandium leads to
an essential change of structural-phase state of weld-
ed joints, namely, dispersion of grain and subgrain
structure phase; increase of dislocation density at
their uniform distribution; activation of phase for-
mation processes in grain inner volumes, as well as
fragmentation and reduction of volume fraction of
grain-boundary eutectics.

4. Under FSW conditions, a marked refinement of
grain and subgrain structure is observed, that is due
to activation of fragmentation and nucleation process-
es, overall increase of dislocation density, as well as
an essential dispersion of phase precipitates at their
uniform distribution in intragrain and grain-boundary
volumes.

5. For weld metal of aluminium alloy FS-welded
joints, investigations with subsequent analytical as-
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sessment revealed that the considerable contribution
(up to 40 %) to total strengthening of welded joints is
provided by refinement of grain (up to 27 %) and sub-
grain (up to 21 %) structure, and dispersion of phase
precipitates (up to 23 %), that significantly lowers the
gradient of strength properties between base metal and
weld metal and promotes a more uniform distribution
of growing local internal stresses, and improvement
of welded joint crack resistance, respectively.

6. Investigation of TIG welding modes showed
that overall lowering of yield point values of weld
metal is associated with coarsening of grain structure
and reduction of overall dislocation density, that pro-
motes an increase of gradient of strength characteris-
tics between base metal and weld metal and lowering
of welded joint crack resistance.
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