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Microstructural properties and fracture characteristics
of friction stir welded joint for 2024 aluminum alloy
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Abstract

The 2024 aluminum alloys with 3 mm thickness were welded successfully by friction stir
welding (FSW). Microstructures and mechanical properties of joints were observed and ana-
lyzed. The test result indicated that the weld nugget zone was composed of refined and
equiaxed grains. When the welding traveling speed is 300 mmmin−1, the peak tensile strength
of joints can reach to 294 MPa, as much as 70 % of the value for the base materials. The fracture
of the weld nugget zone is composed of equiaxed dimples with ductile fracture characteristics.
Lots of the second phase particles, such as the CuAl2 phase, exist in the dimples. However, the
upper shoulder affected zone shows the mixed fracture characteristic of cleavage and quasi-
-cleavage with little dimple. The fracture of the bottom swirl defects zone is a typical mixed
fracture mode by the ductile and brittle fracture. The divisional structure of fracture is close
related to the mechanical properties and microstructures of the FSW joint.
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1. Introduction

Aluminum and aluminum alloys are widely used
to obtain components for aerospace applications with
high specific strength. However, heat-treatable alu-
minum alloys, such as Al-Cu-Mg, Al-Mg-Si and Al-Zn,
are often difficult to obtain the weld without hot
cracking, porosity or distortions by conventional fu-
sion welding techniques [1]. FSW is a recent method of
joining materials, which constitutes a development of
the classical friction welding methods [2]. During the
FSW process, no melt of the joining parts occurs and
the weld forms through solid-state plastic flow at elev-
ated temperatures. FSW assures the absence of poros-
ity, hot cracking and rather larger distortions that are
typical defects of the fusion processes. Therefore, the
FSW process can be used to weld heat-treatable alu-
minum alloys in order to obtain high-quality joints
[3–5]. However, many studies on the microstructural
characteristics and mechanical properties of the FSW

*Corresponding author: e-mail address: jn2369@163.com
**Corresponding author: e-mail address: liupeng1286@163.com

joints indicate that FSW gives rise to softening in
the joint of heat-treatable aluminum alloys because
of the dissolution or growth of strengthening precipit-
ates during the welding thermal cycle, thus resulting in
the degradation of mechanical properties of the joints
[3, 6–8]. Hence, it is important to study the relation
between mechanical properties and microstructure of
FSW joints.
In this study, the 2024-T4 aluminum alloys were

welded successfully by FSW. The microstructure,
micro-hardness distribution, tensile strength and frac-
ture characteristics of the friction stir welded joints
were studied. This paper aims to demonstrate the re-
lation between microstructural properties and fracture
characteristics of joints. This study will provide an im-
portant basis for further studying microstructure of
the friction stir welded joints, such as phase constitu-
ents, plastic flow and dislocations, etc. It is also favor-
able to determine the optimum welding parameters so
as to obtain high-quality FSW joints.
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Ta b l e 1. Chemical composition, thermo-physical and mechanical performance of 2024 aluminum alloy

Chemical composition (wt.%)
Material

Cu Mg Si Fe Mn other

Al 2024 3.8–4.9 1.2–1.8 0.5 0.5 0.3–0.9 Al

Thermo-physical and mechanical performance

Density Average specific heat volume Heat conductivity Tensile strength Resistivity Linear expansion factor
(g cm−3) (J kg−1 K−1) (Wm−1 K−1) (MPa) (%) (10−6 K−1)

2.77 875 120 425 57 24.7

2. Experiments

The examined joined sheets of 2024-T4 aluminum
alloys had dimensions of 150 mm× 60mm× 3mm.
The chemical composition, thermo-physical and mech-
anical performances of test material are shown in
Table 1. The two 3 mm thick sheets were butt welded
by a FSW technique. The welding direction was paral-
lel to the rolling direction of the sheets. The diameter
of tool shoulder was 20mm, and that of tool pin was
6 mm. The tool rotational speed and travel speed were
475 r min−1 and 150–375mm min−1, respectively.
The 2024-T4 aluminum alloy sheets were welded

successfully by FSW. A series of specimens was cut,
and then these specimens were made into metallo-
graphic samples. The samples were etched using mixed
solution 1.0 % HF + 1.5 % HCl + 2.5 % HNO3 + 95 %
H2O. The microstructure of stir zone was observed by
optical microscopy. The micro-hardness tester of the
MH-3 type was used to acquire micro-hardness dis-
tribution across the facing polished cross section with
100 g loading and a load time of 10 s. The test of
tensile strength for the friction stir welded joints was
carried out on tensile test machine of the CSS1100
type. The fracture morphology of tensile joints was
observed by means of scanning electron microscope
(SEM) of S-450 type. During the SEM, the electron
probe X-ray micro-analyzer (EPMA) was applied to
measure the chemical composition of typical particle
in the fracture.

3. Results and analysis

3.1. Microstructural characteristics of the stir
zone

Figure 1a shows the macro image of FSW joints.
There is no groove defect in the weld. The microstruc-
ture of the cross-section in the stir zone of joints is
shown in Fig. 1b. It can be seen that the cross-section
of joints was mainly composed of weld nugget zone
(WNZ), thermo-mechanically affected zone (TMAZ)

and heat affected zone (HAZ). However, some re-
searchers also studied the microstructure of upper
shoulder affected zone (SAZ) and bottom swirl defects
zone (SDZ) [9, 10]. According to Fig. 1a, there are no
obvious welding voids or cracks in the cross-section of
joints.
Figures 1c,d show the microstructure of TMAZ and

HAZ. The structure in weld nugget zone suffered from
the thermo cycle of higher temperature because of the
stir process by a tool pin. As a result, the structure
in the stir zone experienced the dynamic recovery and
dynamic recrystallization. However, the dynamic re-
covery course might be inhibited by a tool pin, such
as the metal in WNZ. As a result, the metal in WNZ
experienced a dynamic recrystallization course. The
test results indicated that a fine equiaxed grain struc-
ture showed in the weld nugget zone (Fig. 1c). This
structure is favorable to enhance the mechanical prop-
erties of the friction stir welded joints. Moreover, the
subgrain structure, cellular structure and dislocations
induced by dynamic recovery will decrease obviously.
According to Fig. 1d, there is an obvious boundary

between WNZ and TMAZ. The metal in TMAZ also
suffered from higher temperature, larger stress and
strain, but the dynamic recrystallization phenomenon
did not occur. However, the grains close to the weld
nugget zone produced a larger tension and torsion by
the tool pin, so those grains brought an obvious distor-
tion along the tool pin direction (Fig. 1d). In this zone,
the microstructure reflected directly the characteristic
of the flowing materials during the FSW process.

3.2. Mechanical properties of joints

The micro-hardness of the stir zone of the fric-
tion stir welded joints for 2024 aluminum alloys was
measured by means of the Shimadzu type microsclero-
meter, using 100 g loading and a load time of 10 s. The
test results are shown in Fig. 2. In Fig. 2a, the micro-
-hardness was measured from an advancing side (AS)
to the retreating side (RS) along the weld cross sec-
tion. The micro-hardness was also measured from the
bottom swirl defects zone (SDZ) to the upper shoulder
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Fig. 1. Macro image of FSW joints (a), microstructure in the cross-section of joints (b), microstructure in WNZ (c), and
the microstructure between TMAZ and WNZ (d).

Fig. 2. Micro-hardness in the stir zone of FSW joints (a), and micro-hardness in WNZ, SDZ and SAZ (b).
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Fig. 3. Schematic of tensile test specimens (a), and the relation between tensile strength and travel speed of joints (b).

affected zone (SAZ) in Fig. 2b.
According to Fig. 2a, the hardness value from the

base metal to weld zone decreased gradually. The
hardness value was about HV120 in the HAZ. Then
the hardness value toward the THAZ increased gradu-
ally, and reached to HV140. Finally, the hardness
value decreased gradually in the WN. However, the
micro-hardness distribution in this region was steady.
The test results indicated that the hardness value near
the interface of WNZ/TMAZ was quite approximate.
However, the hardness value in the HAZ of two sides
was obviously lower than in TMAZ. This difference
was related to the growth and dissolution of some pre-
cipitated phases in this region [11–14]. This difference
of the hardness distribution might induce a different
shrinkage distortion of weld metal between HAZ and
TMAZ during cooling. As a result, a larger residual
stress concentration in this region will occur, making
this region weaker of the hardness distribution for the
FSW joints.
The micro-hardness distribution along the thick-

ness direction of FS weld over the WNZ is shown in
Fig. 2b. According to Fig. 2b, the hardness value of
SDZ is lower than that of WNZ and SAZ. The weld-
ing temperature in this region was lower because the
metal of SDZ was not directly contacted with the tool
pin. However, the metal in this region produced plastic
deformation as the tool pin rotated. Hence, no dy-
namic recrystallization was induced in this region.
The tensile test is an important target to reflect ef-

fectively mechanical properties of the friction stir wel-
ded joints for 2024 aluminum alloys. Figure 3 shows
the dimensions of test specimens and test results for
the tensile strength. According to Fig. 3b, the tensile
strength of joints increased gradually with the in-
crease of welding travel speed. When the welding
travel speed was 300mmmin−1, the tensile strength
could reach the maximum value of 294MPa. It is
about 70 % of the tensile strength for 2024 aluminum

alloys. However, with further increase of welding
travel speed, the tensile strength of joints decreased
gradually. The tensile strength of joints was about
60 % of the value for 2024 aluminum alloys when the
welding travel speed was 190mmmin−1.

3.3. Fracture characteristics of tensile joints

Fracture characteristics of tensile joints were ob-
served by means of SEM in order to further ana-
lyze the mechanical properties of FSW joints. In this
experiment, the tensile joint with maximum tensile
strength was selected. The typical fracture morpholo-
gies of joints are shown in Fig. 4a. The joints of friction
stir processed 2024 aluminum alloys were all fractured
between HAZ and TMAZ in the retreating side (RS).
The macro fracture morphology shows a smooth sur-
face characteristics, and there is little fibrous struc-
ture in local area (Fig. 4a). The macro fracture shows
an obvious divisional structure. According to micro-
structural analysis of the stir zone, the fracture was
composed of weld nugget zone (WNZ), upper shoulder
affected zone (SAZ) and bottom swirl defects zone
(SDZ); moreover, a larger region in the middle of frac-
ture shows the WNZ.
Figure 4b shows the micro fracture morphology of

WNZ. There were a large number of equiaxed dimples
in the stir zone, so the fracture shows a characteristics
of obvious ductile fracture. A large number of second
phase particles exist in the dimples. These particles
were analyzed by means of EPMA experiment. The
test results indicate that these second phase particles
may be CuAl2 phase. Chemical composition of a typ-
ical second phase particle is shown in Fig. 4f. The
dimples and second phase particles existing in the
WNZ indicated that this region had a high plastic
deformability.
According to tensile test results, the maximum

value of tensile strength is only 70 % of the value
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Fig. 4. Macro fracture morphology of FSW joints (a), fracture morphology of WNZ (b), fracture morphology of SAZ (c),
fracture morphology of SDZ (d), (e), and EPMA results of second phase particles in Fig. 4b (f).

of base materials, which indicates that the fracture
characteristics of SAZ and SDZ also has an import-
ant effect on the mechanical properties of FSW joints
besides the fracture of WNZ. The fracture morpho-
logy of SAZ and SDZ is shown in Figs. 4c–e, re-
spectively. The SAZ shows a fracture characteristics of
cleavage and quasi-cleavage with little dimple. There-
fore, the fracture of this region has an obvious brittle
fracture characteristics (Fig. 4c). The fracture in the
SDZ of fracture near the WNZ shows a characterist-
ics of fibrous little elongated dimples. Compared with

WNZ, there is almost no second phase particle in the
dimple (Fig. 4d). However, the fracture in the SAZ
near the base materials shows an obvious cleavage
fracture characteristics (Fig. 4e). As a result, the frac-
ture of SDZ is a typical mixed fracture mode by the
ductile and brittle fracture.
Note that an special region called kissing-bond re-

gion was observed in the left of SAZ. According to
microstructural observation, this region is the surface
metal of weld zone (Fig. 1a). This region was con-
sidered as the initial position of fracture [15]. How-
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ever, it can be seen that the interlayer spacing is about
0.08mm. Hence, the kissing-bond is extremely difficult
to detect with any non-destructive testing method due
to its sub-millimeter size.
The test results indicate that there are close rela-

tions among the tensile strength, micro-hardness and
fracture characteristics of friction stir welded joints.
According to the results of tensile strength, the tensile
strength of joints is only 70 % of the value of base
materials (Fig. 3b). This indicates that the structure
characteristics of SAZ and SDZ possibly plays an im-
portant role for the tensile test of joints. Although the
effective area of WNZ with high plastic deformabil-
ity is rather large during the tensile load, the SAZ
and SDZ with brittle fracture characteristics will be
a potential fracture origin of joints. As a result, the
divisional structure of fracture will play an important
effect on enhanced mechanical properties of joints.
The divisional structure of fracture in FSW joints

is related to the role of the tool pin and welding
thermal cycle of metal welded. During FSW, the metal
in SAZ and WNZ both experienced plastic deforma-
tion by the tool pin. However, the metal in SAZ dir-
ectly experienced the hydraulic pressure of the tool
shoulder after the tool pin was inserted into base ma-
terials. Since the metal in this region directly contac-
ted the air, the metal was cooled rapidly. As a result,
the plastic deformation in this region might show an
obvious dynamic recovery characteristics. Hence, this
region will become a softening region of joints. For ex-
ample, the micro-hardness in SAZ shows lower value
(Fig. 2b). And the metal in this region will also pro-
duce a series of structural change, such as the forming
dislocations, cellular structure and subgrain structure.
For the SDZ, the metal near the WNZ indirectly ex-
periences the effect of tool pin, so some structure of
this region might be similar to WNZ. For example, the
fracture with fibrous little elongated dimple shows in
this region (Fig. 4d). However, the metal away from
WNZ in the SDZ contacted with clamping fixture, so
the metal was also cooled rapidly. As a result, this re-
gion might be rather complex softening structure yet.
It can be seen that the micro-hardness value in this
region is much lower than the zone of WNZ or SAZ
(Fig. 2b). According to Fig. 4e, the fracture in this
region shows an obvious cleavage fracture character-
istics.

4. Conclusions

The 2024 aluminum alloys with 3mm thickness
were welded successfully by FSW. The microstructure
analysis indicated that the structure in WNZ pro-
duced the dynamic recrystallization. The WNZ was
composed of refined/equiaxed grains. The grains in
the TMAZ close to WNZ produced larger tension and

torsion, so those grains brought an obvious distortion
along a direction of the tool pin.
The test results indicate that the hardness value

near the interface of WNZ/TMAZ is quite approx-
imate. However, the hardness value in the HAZ of
two sides was obviously lower than in the TMAZ.
For micro-hardness along the thickness direction of FS
weld, the hardness value of the bottom swirl defects
zone (SDZ) is lower than the zone of the WNZ and
upper shoulder affected zone (SAZ). Tensile strength
of joints increased gradually with the increase of weld-
ing travel speed. When the welding travel speed was
300mmmin−1, the tensile strength can reach to the
maximal value 294MPa. It is about 70 % of tensile
strength for 2024 aluminum alloys.
The macro fracture of FSW joints shows an ob-

vious divisional structure. There were a large num-
ber of equiaxed dimples in WNZ. Some second phase
particles (maybe CuAl2 phase) existed in the dimples.
The fracture of WNZ shows a characteristics of the
ductile fracture. However, the SAZ shows a fracture
characteristics of cleavage and quasi-cleavage with
little dimple. And the fracture of SDZ is a typical
mixed fracture mode by ductile and brittle fracture.
The fracture characteristics is close related to the
mechanical properties and microstructure of the FSW
joints.
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