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MICROSTRUCTURE AND MECHANICAL PROPERTIES
OF WELDED JOINTS OF ALUMINUM ALLOY AA7020-T6
OBTAINED BY FRICTION STIR WELDING
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Plates from alloy AA7020 (Al — Zn — Mg) with a thickness of 4.5 mm are studied after T6 heat treatment and
friction stir welding. Tensile and bending tests are performed. The hardness of the welds is measured in trans-
verse direction. The microstructure over cross section of a weld is studied by the methods of light and trans-
mission electron microscopy. The weldability of alloy AA7020 by friction stir welding is shown to be high.

Key words: aluminum alloys, friction stir welding, microstructure, transmission electron micro-

scopy.

INTRODUCTION

Alloy AA7020 of the Al —Zn — Mg system has a mode-
rate strength and is used widely in welded joints of bridge
beams, road and railroad systems, armored vehicles, cryo-
genic pressure vessels and components of spacecraft liquid-
propellant engines [1, 2]. Some characteristic defects arise in
mechanisms obtained by fusion welding. It is reported in
[3, 4] that cracks appear in different stages of post-welding
mechanical treatment and assemblage in argon-arc-welded
joints. They are caused by residual stresses present in the ma-
terial. Alloy AA7020 is well weldable by fusion, but its me-
chanical properties vary considerably due to dissolution of
the hardening precipitates in the fusion zone [5, 6]. In addi-
tion, such alloys are susceptible to hot cracking if not sub-
jected to a special treatment. A way to lower hot cracking is
refinement of grains in the fusion zone [7] by introducing in-
oculating additions during the fusion welding or choosing
another type of welding not requiring a filler. Cracking has
also been observed under solidification of electron-beam-
welded Al —Zn — Mg alloys without filler [8]. The recently
published results of the studies of microstructure and me-
chanical properties of aluminum alloy 7020 after elec-
tron-beam welding [9] have shown considerable lowering of
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the hardness and ductility in the fused zone. Refinement of
microstructure due to inoculation and its effect on hot crack-
ing and on the properties of a welded joint of alloy 7020 un-
der tensile testing has been studied in [10]. In the tensile
tests, the hot cracking was reduced and the properties of the
alloy improved. However, the gain in the ductility was not
considerable. On the whole, fusion welding of alloys of the
Al —Zn — Mg system is characterized by such flaws as po-
rosity, deformations and residual stresses.

The range of application of friction stir welding of alumi-
num alloys widens [11, 12] due to its many advantages.
Since the process is a solid-phase one, there are no problems
of solidification, i.e., porosity, hot cracks and inclusions.
Friction stir welding produces three different microstructural
zones, namely, (1) a weld nugget (WN) zone, where the ma-
terial undergoes considerable straining with stirring of the
crystallites and heating and this yields a recrystallized struc-
ture with fine equiaxed grains [13 — 16], (2) a thermomecha-
nically affected zone (TMAZ), where the material undergoes
joint straining and heating but the temperature is insufficient
for recrystallization, and (3) a heat-affected zone (HAZ),
where the material is heated without mechanical straining.
These zones differ in the structure and mechanical proper-
ties.

Many publications describe changes in the microstructure
due to plastic straining and friction-induced heating as a re-
sult of friction stir welding [17 — 35]. The hardening precipi-
tates in the weld zone have been reported to dissolve and
coarsen in [17 — 19, 25, 31 — 35], and wide zones free of pre-
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Fig. 1. Microstructure of the nugget zone of a weld with depicted
places of cutting of specimens (indicated by the arrows) for trans-
mission electron microscopy.

cipitates have been observed in [17, 19, 25, 33]. Mechanical
fracture of welded joints may develop over the WNZ, TMAZ
and HAZ depending on the introduced heat content deter-
mined by such parameters of the process as the stir speed and
the feed [26 — 28]. The microstructure of a weld can also de-
pend on the parameters of the welding process [29 —31].
However, the data on friction stir welding of alloy 7020 of
the Al — Zn — Mg system are quite scarce.

The aim of the present work was to study the effect of
friction stir welding on the microstructure and mechanical
properties of aluminum alloy 7020.

METHODS OF STUDY

The base material for the study was aluminum alloy
AA7020 in the form of plates 4.5 mm thick. The alloy had
the following chemical composition (in wt.%): 4.5 Zn,
1.45 Mg, 0.34 Fe, 0.28 Si, 0.22 Mn, 0.2 Cr, 0.059 Zr,
0.012 Ti, 0.002 Cu, the remainder Al

We implemented welding with the help of a commercial
friction stir unit. Billets 150 x 110 x 4.5 mm in size were
pressed densely to each other on the working table and sub-
jected to friction stir butt welding. The tool for the friction
stir welding was made of steel M2 (the Russian counterpart
is R6MS). After several tests with different profiles of the
head of the welding tool we found out that the best joining
was provided by a threaded cone-shape head. The threaded
head (left-handed metric thread with 1-mm step) had a length
of 4.2 mm, and a diameter of 5 mm (on the side the holder)
and 3 mm (at the tip of the head). The diameter of the holder
was 15 mm. The speed of the tool was 1000 rpm, the speed
of the welding was 200 mm/min, the slope of the tool
was 1.50°.

The welded joints were cut in the transverse direction.
The specimens for the metallographic study were prepared
by the usual method. To uncover the microstructure, polished
surfaces of the specimens were etched in Keller’s reagent
(5% HNO;, 2% HCI, 1% HF). The microstructure of various
zones of the welded joints was studied with the help of a
Leica DMLM optical microscope. The microhardness of the
zones was determined using a Shimadzu Vickers microhard-
ness tester at a load of 1 N with a hold of 15 sec. The tensile
tests were performed according to ASTM ES8 for transverse
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specimens of welded joints and for the base metal of plates
4.5 mm thick. The plane bending tests of the joints were per-
formed according to AWS B4. The specimens for the bend-
ing tests had a length of 152 mm and a width of 38 mm.

The specimens for transmission electron microscopy
were cut from regions of WNZ, TMAZ and HAZ (Fig. 1) of
an etched welded joint using an electric spark cutter. Each
specimen was glued to a special wax used for the electron
microscope study and polished to a thickness of about
100 um. To avoid heating of the specimens, they were cut
and polished in a running cooling liquid or in water. A disc
3 mm in diameter was cut by a special punch from the po-
lished specimen and thinned mechanically. Ion etching was
applied to both sides of the disc to form a depression that was
deepened progressively to obtain a hole with thin edges
transparent for electron beams. Such specimens were studied
under a JEM-2100 electron microscope with an attachment
for energy dispersive chemical analysis. The specimen
holder in the microscope was made of beryllium to provide a
double slope and a low background.

RESULTS AND DISCUSSION

Macro- and Microstructure

The macrostructure of a joint formed by friction stir
welding is presented in Fig. 1. The nugget has an elliptic
shape in the center and widens near the upper surface during
the motion of the tool over the specimen in the welding pro-
cess. It has been shown earlier in [36, 37] that a high speed of
rotation of the tool renders the welding nugget elliptic. Fig-
ure 2 presents the microstructure in different zones of cross
section of a welded joint. The structure of the base metal is
represented by large grains stretched over the rolling direc-
tion and having a length of 150 —200 um and a width of
10 — 20 um (Fig. 2a). In the TMAZ region (Fig. 2b) we can
see that the grains flow toward the bottom side of the plate in
accordance with the general direction of the flow of the
metal under the action of the head of the tool. In the zone of
the nugget the grain structure is different (Fig. 25 ); the zone
is fine-grained and equiaxed due to the recrystallization
caused by plastic deformation and high temperature. The
microstructure of the nugget is also presented in Fig. 2¢. The
grain size in the nugget is about 3 — 5 um.

The results of the transmission electron microscopy of
different zones of a weld of alloy AA7020-T6 are presented
in Fig. 3. It can be seen (Fig. 3a) that the hardening precipi-
tates in the base metal are a n-phase (MgZn,) and a more
stable ternary 7-phase (Mg;Zn;Al,). The size of these pre-
cipitates varies from 50 to 100 nm.

By the data of the analysis of the microstructure of the
weld zone (Fig. 3b) almost all the hardening precipitates
have dissolved. This means that the temperature in the nug-
get zone has been about 475°C, which is higher than the tem-
perature of limited solubility and lower than the melting



Microstructure and Mechanical Properties of Welded Joints of Aluminum Alloy AA7020-T6 141

Fig. 2. Microstructure of a joint of alloy
AA7020-T6 formed by friction stir welding
(light microscopy): a) base metal; b) TMAZ
and weld nugget; c¢) nugget zone.

Fig. 3. Microstructure of a joint of alloy AA7020-T6 formed by friction stir welding (transmis-
sion electron microscopy): @) base metal; b ) nugget zone; ¢) thermomechanically affected zone
(PFZ are precipitate-free zones); d ) heat-affected zone.
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Fig. 4. Hardness profile of a welded joint in the transverse direction
(h is the distance from the nugget).
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Fig. 5. Appearance of fractured specimens after tensile tests.

point of the alloy [38, 39]. The microstructure of the TMAZ
is presented in Fig. 3¢. The hardening precipitates in it have
also dissolved and formed again over grain boundaries. A
zone free of precipitates has formed near grain boundaries.
The morphology of the precipitates in the HAZ (Fig. 3d) is
the same as in the base metal, but some precipitates have
grown somewhat due to the thermal cycles in the HAZ dur-
ing welding.

Mechanical Properties

The hardness profile in a welded joint is presented in
Fig. 4. It can be seen that the hardness decreases gradually
from a maximum value in the zone of the base metal to a
minimum value in the nugget zone. The decrease in the hard-
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Fig. 6. Broken region of a specimen after a tensile test at the mo-
ment of failure.

ness is connected with dissolution of precipitates and elimi-
nation of strain hardening as a result of recrystallization.
However, the refinement of grains in the nugget zone (by a
factor of about 50 — 100) compensates considerably the loss
in the hardness, which explains the high efficiency of these
welded joints. The mean hardness in the nugget zone is
120 HV i.e., is equal to about 88% of the hardness of the
base metal (136 HV).

Table 1 presents the results of tensile tests of transverse
specimens. The welded joints have a yield strength and an ul-
timate strength of 85 and 96% of the values of the base metal
respectively. The elongation decreases inconsiderably. The
tested specimens fracture over the nugget zone due to its
softening. Figure 5 presents fractured specimens; Figure 6
presents formation of a crack. The trajectory of the crack is
zigzag-like and long.

The bending tests were performed in a standard machine
by a three-point scheme. The welded joints (Fig. 7) have a
high ductility under plane bending by 180°, which is equal to
the ductility of the base metal.

CONCLUSIONS

1. Alloy AA7020-T6 of the Al —Zn— Mg system exhi-
bits good friction stir weldability. The yield strength of the
welded joints amounts to 85% of that of the base metal.

2. Fracture under tensile tests occurs over the nugget
zone of welds of AA7020-T6 due to softening of this zone
caused by dissolution of the hardening particles.

TABLE 1. Mechanical Properties of a Welded Joint of Alloy AA7020-T6

Welding Gy, > MPa G,, MPa 5, % Localization of fracture
No welding (base metal) 310 372 14.0 -
Friction stir welding 263 (85%) 353 (95%) 12.0 Nugget zone
Argon arc welding [10] 214 (70%) 248 (66%) 6.2 -
Electron beam welding [9] 262 (84%) 343 (92%) 3.7 Fusion zone

Notes. 1. The values were averaged after three tests.

2. The parentheses contain the fraction of the corresponding characteristic of the base metal demonstrating the effi-

ciency of the joint.
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Fig. 7. Specimens of the base metal (/) and of welded joint (2 ) af-
ter bending tests.

3. The ductility due to bending of the weld by 180° does
not differ from that of the base metal.

4. By the data of transmission electron microscopy all
the hardening precipitates dissolve in the nugget zone and in
the thermomechanically affected zone of welded joints of al-
loy AA7020-T6. In the heat-affected zone most of the pre-
cipitates are preserved.

5. Regions free of precipitates form in the thermome-
chanically affected zone of welds of alloy AA7020-T6 due to
their dissolution and repeated precipitation over grain boun-
daries.
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out the present study.
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