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A series of research was performed to study the characteristics of structural strength of butt joints of aluminium alloy
D16T 2 mm thick, produced by friction stir welding. Features of weld formation and degree of metal softening in the
zone of the produced permanent joint were analyzed. Mechanical testing of welded joint samples was performed at
static and cyclic loading. Diagrams of fatigue crack growth rates in the base metal, heat-affected zone and thermome-
chanical impact zone, on the boundary of these zones and in the weld metal were plotted. It is shown that the character-
istics of cyclic crack resistance of weld metal of these joints are more than two times higher than the respective values
for base metal that is indicative of the good prospects for application of friction stir welding in fabrication of critical

structures from D16T alloy. 19 Ref., 8 Figures.
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Aluminium alloys of different alloying systems are
widely applied in aerospace engineering [1, 2]. This
is due to a combination of low metal content of alu-
minium alloys and quite high values of strength and
crack resistance that together provide a reliable and
long-term operation of metal structure assemblies [3].
Under the conditions of cyclic loading, the structur-
al strength [4] is evaluated by complex parameter
[c AK, K], where o is the material ultimate strength,
as well as the values of material cyclic crack resis-
tance: AK, is the fatigue threshold; AK,_is the cyclic
fracture toughness [5]. These parameters are particu-
larly important at operation of structures by the fail-
safe concept [6].

In fabrication of aerospace engineering compo-
nents various methods of welding these aluminium
alloys are used to produce permanent joints. Here,
certain problems often arise due both to chemical
composition of the aluminium alloys being welded,
and to the welding process, which lead to lowering of
welded joint structural strength. In particular, this is
metal softening in the permanent joint zone [7], and
formation of cast coarse-grained structure of welds
[8], and appearance of characteristic defects in the
form of pores, oxide film macroinclusions and hot
solidification cracks [9—11]. Therefore, the available
welding technologies are optimized, and new meth-
ods to produce permanent joints are developed, in or-

der to improve the performance of aluminium alloy
components.

The method of friction stir welding (FSW) is con-
sidered to be one of the most promising in fabrication
of critical structures, including aerospace engineer-
ing. It was developed in 1991 at The Welding Institute
as a method to produce joints in the solid phase [12].
FSW process has a characteristic difference from
other pressure welding processes, due, mainly, to ap-
plication of a special welding tool (Figure 1). There-
fore, the main stages of permanent joint formation are
directly related to this tool. Metal heating up to the
plastic state, as well as prior cleaning of the surfaces
of edges to be welded from oxide film, as a result of
their friction with the shoulder working surface, take

Figure 1. Schematic of FSW process: 1 — tool shoulder; 2 — tool
pin; 3 — weld; 4 — welded blanks
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Figure 2. Transverse macrosection of the welded joint, produced
by FSW (a) and respective schematic image of its characteristic
zones

place under the tool shoulder. Owing to slight immer-
sion of the tool into the metal being welded and its
inclination relative to the vertical axis, the metal is
in constant contact with the shoulder leading edge,
forming a wave of plasticized metal owing welded.
Mixing across the entire thickness occurs due to rota-
tion of the tool pin. Metal heated up to the plastic state
due to high adhesion of aluminium, is entrained by
the pin side surface and is plastically deformed, mov-
ing after it. It results in intensive mass transfer of the
metal being welded, at which the edges being welded
are cleaned from oxide films and come into contact.
Owing to intensive plastic deformation and heating,
the metal goes into the plastic state, and its grains in
the zone of direct impact of the tool are refined sig-
nificantly that additionally promotes its viscoplastic
flow. Under the shoulder rear edge, owing to tool in-
clination in the vertical plane, conditions are in place
for additional compression of metal, moved into this
zone by the pin side surface, that promotes running
of relaxation processes (dynamic recrystallization, re-
laxation of welding stresses), as well as metal densifi-
cation. Thus, physical contact at FSW is the result of
degradation of the butt boundary under the impact of
a special tool in the bulk limited by the tool working
surfaces, substrate and the metal being welded proper.

Themomechanical conditions, at which permanent
joints form in FSW result in a specific weld structure
(Figure 2). Unlike welds of a cast structure, charac-
teristic for fusion welding processes, they have fine
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Figure 3. Change of specific electric conductivity on the sample
face (1) and root (2) surfaces in the characteristic zones of FSW
joint
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deformed structure, with a clear-cut nugget D formed
as a result of dynamic recrystallization, with up to 10
pum grain size. Bending, elongation and partial recrys-
tallization of the grains proceed in the thermomechan-
ical impact zone (TMIZ) C, adjacent to the nugget,
as here the metal is subjected to heating and plastic
deformation. Behind this area is the HAZ B, in which
the metal remains undeformed and changes its struc-
ture only as a result of temperature rise. Next comes
base metal zone A, where the metal does not undergo
any changes [13, 14].

The objective of this work is evaluation of
strength characteristics and cyclic crack resistance
of welded joints of D16T alloy 2 mm thick, pro-
duced by FSW.

Experimental procedure. Investigations were
conducted on butt joints of D16T alloy sheets (wt.%:
4.5 Cu; 1.7 Mg; 0.53 Mn; 0.19 Si; 0.21 Fe; 0.11 Zr;
0.06Ti; bal. — Al); welded along the rolling direction.
Ultimate strength of this alloy sheets in the state after
hardening and natural ageing o, = 445 MPa, and rela-
tive elongation 6 = 11 %. FSW process was performed
in a laboratory unit developed at PWI. The rate of ro-
tation of special welding tool [15] with a conical pin
and 12 mm dia shoulder was 1420 rpm, and the speed
of its linear displacement (welding speed) was 10 m/h.

Investigations were conducted in different zones
of the welded joint (see Figure 2): in the weld central
part (nugget), on the boundary of thermomechanical
impact and heat-affected zones, in TMIZ and HAZ at 1
mm distance from this boundary, as well as in the base
metal. These areas were selected in the characteristic
points of change of local values of metal specific elec-
tric conductivity (Figure 3, points a—f), which is the
physical characteristic of aluminium alloys, sensitive
to the change of their structure and local stress-strain
state, occurring during welding [3]. Values of specific
electric conductivity were measured, using the eddy
current method, with 1 mm step at alternating current
frequency of 100 kHz that ensured the control depth
up to 2 mm [16].

Metal hardness was measured on face surfaces
of the produced welded joints. Degree of metal soft-
ening in the welding zone was assessed in ROCK-
WELL instrument at the load P = 600 N. Evaluation
of structural features of welded joints was performed
in MIM-8 optical electronic microscope. Ultimate
strength of welded joints o7 and weld metal o™
was determined on standard samples with test portion
width of 15 mm. Characteristics of cyclic crack re-
sistance were determined on samples-strips 30 mm
wide with side sharp (0.1 mm radius) U-shaped notch
2 mm deep along the axis of the studied zone of the
welded joint, in keeping with the procedure, accepted
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by ASTM International [17]. Obtained experimental
data were the basis to plot the diagrams of fatigue
macrocrack growth rates — da/dN — AK dependen-
cies at the frequency of 10—-12 Hz and coefficient of
asymmetry R = 0.1 of the loading cycle in atmosphere
at room (20 °C) temperature. Crack length was mea-
sured by cathetometer KM-6 at 25-fold magnification
with 0.02 mm error. Obtained results were described
by the respective analytical dependencies:

da/dN = C,(AK-AK )™, if 10 < da/dN < 10, m/cycle;(1)
da/dN = C,(AK)™, if 10 < da/dN < 10, m/cycle, (2)

where da is the increment of crack length between
the two successive measurements; dN is the number
of loading cycles between two successive measure-
ments; n1, n2 is the exponent determined in keeping
with the procedure of [17].

Diagrams of fatigue macrocrack growth rates were
shown by lines, corresponding to these dependencies.
The parameters selected as cyclic crack resistance
characteristics were fatigue threshold AK = AK '

and cyclic fracture toughness AK. =AK > the ranges
of stress intensity factors AK at the crack growth rate
da/dN = 1071°, m/cycle and 1075, m/cycle, respective-
ly. Microfractographic features of fatigue fracture of
samples were studied in a scanning electron micro-
scope ZeisEVO-40XPV.

Investigation results and discussion. Performed
investigations showed that the weld shape and dimen-
sions in friction stir welding differ favourably from
the weld produced by nonconsumable electrode ar-
gon-arc welding (GTAW) due to weld formation on
a backing without the forming groove and producing
a permanent joint without filler wire application (Fig-
ure 4). Absence of reinforcement or complete penetra-
tion in it allows avoiding high levels of stress concen-
tration in the points of weld to base metal transition,
adversely affecting the performance and life charac-
teristics of welded joints.

In addition, permanent joint formation in the solid
phase without base material melting prevents appear-
ance of characteristic defects arising in fusion welding
of aluminium alloys. So, absence of molten metal, in
which hydrogen solubility increases markedly, allows
avoiding additional saturation of the welding zone by
it, because of migration of this gas from the adjacent
metal layers and pore formation. Now, deformation
and intensive stirring of plasticized metal over the en-
tire thickness of the edges during welding, promoted
fragmentation of oxide films present in them. Absence
of molten metal in the zone of permanent joint for-
mation allows avoiding its oxidation during welding.
Therefore, welds, obtained by friction stir welding
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Figure 4. Transverse sections of welds of 2 mm alloy D16T pro-
duced by friction stir (a) and TIG welding (b)

have no defects in the form of oxide film macroin-
clusions, appearing in GTAW. The most hazardous
and inadmissible defects for critical structures are hot
cracks, forming during molten metal solidification in
the point of accumulation of low-melting eutectic in-
clusions. As in friction stir welding the weld forms in
the solid phase, and processes of metal melting and
solidification are absent, formation of such defects
can be completely avoided.

Features of weld formation in friction stir welding
also have a favourable effect on the degree of metal
softening in the zone of permanent joint formation.
So, metal hardness measurements in the zone of per-
manent joint formation showed that in friction stir
welding of D16T alloy, weld metal hardness practical-
ly is on the level of base metal (Figure 5). In the ther-
momechanical impact zone metal hardness gradually
decreases at greater distance from the weld, reaching
minimum value (HRB 97-98) at the boundary of the
thermomechanical impact and heat-affected zones
that corresponds to the point of lowering of specif-
ic electric conductivity (see Figure 3). Therefore, at
uniaxial static tension samples of friction-stir welded
joints have a high (425 MPa) yield limit and fail near
the boundary of abutment of the thermomechanical
impact zone to the heat-affected zone, where the met-
al hardness is minimum.
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Figure 5. Hardness distribution in welded joints of D16T alloy
2 mm thick, produced by FSW
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Investigation of the microstructure of welds
showed that dynamic recrystallization of metal in the
zone of intensive plastic deformation results in for-
mation in the weld metal of a dispersed equilibrium
structure with element size of 1-10 um with individ-
ual intermetallics of 20-25 um size, grouped into a
conglomerate of grains of 70-150 pum size (Figure 6).
Investigations of cyclic crack resistance revealed ob-
vious differences in the diagram of the rate of fatigue
macrocrack growth in the weld metal (Figure 7, curve
1), for which after intensive bulk plastic shear defor-
mation the mid-amplitude traditionally straight Par-
is section is transformed into the curvilinear section
with the inflection point at AK = AK| = 20 MPavm.
This is characteristic exactly for the structure of the
metal of weld, produced as a result of intensive plastic
deformation of metal at FSW. Calculation of the size
of cyclic plastic zone r; by the following formula:

_ 2
r; =1/8n(AK /602) ,
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Figure 7. Diagrams of the rates of fatigue macrocrack growth in
different zones of the joint produced by FSW: 1 — weld; 2 —
TMIZ; 3 — HAZ; 4 — boundary of the zone of thermomechan-
ical impact and heat-affected zone; 5 — base metal (samples cut
across the rolling direction); 6 — base metal (samples cut out
along the rolling direction)
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where AK = 20 MPaVm, and yield limit Gy, =
= 340 MPa, gives value rg =138 um, that is in agree-
ment with grain size (70-150 um) of weld metal de-
formed during FSW. Thus, the inflection on the curve
is indicative of the change of fracture mode, when at
the tip of the fatigue macrocrack plastic deformation
runs as multiplane dislocation slip in the volume of
not one, but of several grains with involvement of
grain-boundary processes. It can be also assumed that
in such a deformed structure compressive residual
stresses can arise [18], causing a considerable effect
of crack tip closing. As a result, such weld metal,
compared to base metal, demonstrates a higher fa-
tigue threshold AK, and cyclic fracture toughness
AK,_ and, particularly, cyclic crack resistance index
in mid-amplitude section of the diagram (Figure 7).
Here, cyclic crack resistance of TMIZ and HAZ is
somewhat lower, compared to weld metal: slightly in
near-threshold section of the diagram and more in the
mid- and high-amplitude sections (curves 2-4). For
instance, the fatigue macrocrack growth rate at medi-
um AK ranges can be by an order of magnitude high-
er than this value for weld metal. HAZ metal has the
lowest cyclic crack resistance among all the welded
joint zones (curve 3), although it is somewhat higher,
compared to crack resistance of base metal, cut out
across the rolling direction (curve 5), particularly in
near-threshold and mid-amplitude sections of the dia-
gram. Here, crack resistance of TMIZ metal (curve 2)
is practically not inferior to crack resistance of base
metal, cut out along the rolling direction (curve 6).
In the high-amplitude section of the diagram, crack
resistance index (cyclic fracture toughness AK, ) of
HAZ metal is much lower, compared to base metal,
cut out across the rolling direction. Therefore, further-
on it is rational to study the possibility of its increase
by changing the structural components of HAZ metal
and its stress-strain state by postweld heat treatment
of such joints [19].

Analysis of microfractographs of tested sample
fractures is indicative of the fact that the microme-
chanism of fatigue crack growth in all the studied
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strength is ensured that expands the possibilities for
this alloy application in aerospace engineering.

SN L
Figure 8. Microfractographs of fractures of samples failing in
different joint zones: a — weld; b — TMIZ; ¢ — boundary of
the zones of thermomechanical impact and heat-affected zone;
d—HAZ

zones of welded joints, produced by FSW, mainly is
high-energy intensive pit one. Morphology of the pits
and deformation ridges in weld metal fracture is the
most finely-dispersed — individual fine cleavage sec-
tions (10-20 pum) are commensurate with weld struc-
tural elements (Figure 8, a). In TMIZ the number of
sections of cleavage as a result of the impact of cyclic
loads becomes greater, but they are divided by rela-
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