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Abstract: 2014 Al alloy of 8 mm in thickness was successfully welded by friction stir welding method. The experi-
mental results show that the tensile properties of the joints are significantly affected by the welding parameters.

When the weld pitch is 0. 25 mm/r corresponding to the rotation speed of 400 r/ min and the welding speed of 100

mm/ min, the maximum ultimate strength of the joints is 78% that of the base material. For a certain weld joint,

different parts possess different mechanical properties. In the three parts of the joint, the upper part is strongest and

the middle part is poorest in mechanical properties. The mechanical properties and fracture locations of the joints are

dependent on the microstructure variation and micro-hardness distributions of the joints, which attributes to the dif-

ferent thermo-mechanical actions on the different parts of the joints.

Key words: 2014 Al alloy; friction stir welding; mechanical properties; fracture; heterogeneity

CLC number: TG 453

Document code: A

1 INTRODUCTION

Friction stir welding (FSW) is a new and
promising welding process that can produce low-
cost and high-quality joints of many alloys'™
because it does not need consumable filler materials
and can eliminate some welding defects such as
In the FSW process, the

welding temperature is lower than that in the

crack and porosity.

fusion welding, and the metal is in the plastic
state, so many fusion welding defects can be avoi
ded. At present, more and more researches have
been focused on the FSW process, and the FSW
has become one of the popular hotspots of the

welding!*'”.  Some studies have involved the
effects of welding process parameters on the micro-
properties of the

structures and mechanical

U4 However, for 2014 aluminum alloy,

joints
few literatures about the relationship between
welding parameters and mechanical properties of
the joints have been found'"'. Moreover, the FSW
joint can be considered to be composed of finite
thin-layers in the direction of thickness, and each
thin-layer is different from the other in mechanical
properties because it experiences different thermo-
mechanical actions during friction stir welding.
However, the research on the difference in me-
chanical properties between thinnerlayers is still
very little '

This paper aims to demonstrate the influence

of welding parameters on the mechanical properties
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of 2014 A1 FSW joints and to disclose the mechani-
cal heterogeneity of the joints so as to obtain useful
information for improving the mechanical proper
ties of the joints.

2 EXPERIMENTAL

The base material used in this study is a 2014
aluminum alloy plate of 8 mm in thickness, whose
chemical composition and mechanical properties are
listed in Table 1. The plate was cut and machined
into rectangular welding samples of 250 mm % 100
mm, and the samples were longitudinally butt-
The designed
welding tool size and welding parameters are listed
in Table 2.

After welding, the joints were cross-sectioned

welded using an FSW machine.

perpendicularly to the welding direction for metal-
lographic analyses and tensile tests using an
electrical discharge cutting machine. The cross
sections of the metallographic specimens were

etched with mixed acid reagent (95 mL water,
2.5 mL nitric acid, 1.5 mL hydrochloric acid and
I mL hydrofluoric acid) for about 10 s, and ob-
served by optical microscope. The configuration
and size of the transverse tensile specimens were
controlled with reference to GB 2649 —89. In order
to examine the mechanical heterogeneity of the
joints, the tensile specimen with the highest
strength was cut perpendicularly to the direction of
thickness into three tensile specimens of 1.9 mm in
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Table 1 Chemical composition and mechanical properties of 2014 Al alloy

Chemical composition ( mass fraction)/ %

M echanical properties

Cu Mg Si

Mn G,/ M Pa § %

3.974.8 0.470.8 0.671.2

0.471.0 461 9.48

Table 2 Tool size and welding parameters used in this experiment

T ool size

Welding parameters

Shoulder diameter/ Pin diameter/ Pin length/

T ool tilt/

Rotation speed/ Welding speed/ Weld pitch/

mm mm mm (re*min™ ") (mm ¢ min™ ") (mm * 1)
24 7 7.6 2.5 300 ~ 600 50 =250 0.12570.625
thickness, and they were marked by upper, middle
and lower parts of the joint. 15
After the metallographic analyses, the Vick- 3601
ers hardness profiles across the welding nugget, 330l 112
thermo-mechanically affected zone( TMAZ), heat £ ©
affected zone( HAZ) and partial base material were % 3001 1g 2
measured under the load of 0.98 N for 15s along E =
the centerlines of the cross-sections with a spacing g 270+ %D
of 0.5 mm using an automatic micro-hardness test- o 16 ©
er. The tensile tests were carried out at room tem- 2 240 ]
perature at a crosshead speed of 1 mm/ min using a = * — Tensile strength
. . + — Flongation 13
computercontrolled testing machine. 210f
¥ RESULTS AND DISCUSSION T 07 03 04 05 06 07"

Fig. 1 shows the tensile properties of the joints
welded with different welding pitches. It can be
seen that the tensile properties of joints are all low=
er than those of the base metal. When the welding
pitch is smaller than 0. 25 mm/r, the tensile
strength increases slightly with the weld pitch.
The maximum tensile strength, 360 M Pa, is ob-
tained at the weld pitch of 0. 25 mm/r, equivalent
to 78% that of the base metal. When the weld
pitch is greater than 0. 25 mm/r, the tensile
strength decreases to a lower level. The change
tendency of elongation is similar to that of the ten-
sile strength. The maximum elongation is obtained
at the weld pitch of 0.268 mm/r.

These results indicate that a softening effect
occurs in the 2014 aluminum alloy. The softened
levels or tensile properties of the joints are signifi-
cantly affected by the welding parameters. The op-
timum welding parameters can be determined from
the relationship between the tensile properties and
the welding parameters. In this paper, the rotation
speed of 400 r/ min and the welding speed of 100
mm/ min are the optimum welding parameters for
FSW joints of 2014 aluminum alloy. In this case,
the maximum strength of the joint is equivalent to
78% that of the base material.

In order to examine the heterogeneity of the

Weld pitch/(mmer1)

Fig.1 Tensile properties of joints

mechanical properties of the joint, the joint with
the highest strength, which is welded with the ro-
tation speed of 400 r/ min and welding speed of 100
mm/ min, is chosen to cut into three parts in the
thickness direction. Every specimen for tensile test
examination is 1. 9 mm in thickness and the dimen-
sions of the specimens are shown in Fig. 2.

Stirring zone 15
Fig.2 Dimension of specimens for tensile tests

Fig. 3 shows the tensile test results of the dif-
ferent parts of the joints. The strength of the up-
per part of the same joint is the highest, while that
of the lower and middle part is smaller than that of
the upper one. These results clearly indicate that
the different parts of the joint possess different
mechanical properties. Among the three parts of
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Fig. 3 Tensile properties of
different parts of joints

the joint, the upper part is the strongest, and the
tensile strength can reach 380 MPa, which is larger
than that of the integral joint (360 MPa). The
middle part of the joint is weaker than the integral
joint and this part of the joint is the weakest one
among the three component parts.

The fracture location of joints is a direction of
the weakest part of the joint. Studying the fracture
location of the joint is quite important to under-
stand and improve the mechanical properties of the
joint. Fig.4 shows the fracture locations of differ-
ent parts of the joint. From Fig. 4, the fracture lo-
cation of the joints is expressed by the distance be-
tween the weld center and the point of fracture. In
the three parts of the same joint, the fracture loca
tions of the middle and upper part are far from the
weld center, while that of the lower part is close to
the weld center. Moreover, the middle part is fra-
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Fig. 4 Fracture locations of
different parts of joint

ctured at the location of 10.3 7 10. 6 mm away from
the weld center, which is the interface between
HAZ and base metal. The lower part is fractured

near the interface between weld nugget and

TMAZ.

These results indicate that the fracture loca
tions of the different parts of the same joint are dif-
ferent. Moreover, it should be noted that some
parts of the joint fracture either on the advancing
side or on the retreating side, which is not the
same as the integral joint in tensile test. The inte
gral joint always fractures on the advancing side. It
is believed that even if the lower part of the joint
fractures on the retreating side, the distinction of
the tensile strength between the two sides is not
very much. But the mechanical properties in the
advancing side of the middle part are lower than
the retreating side, and the fracture always occurs
on the advancing side. For the integral joint, the
middle part acts as a more important role in the
tensile properties. As a whole, the fracture always
occurs in the advancing side of the joint.

The mechanical properties and fracture loca
tions of the different parts of the joint are depend-
ent on the hardness distributions of the joint if the
joint is free of defects. Fig. 5 shows the typical
cross-sectional micro-hardness distributions of the
joint. Comparing the fracture location and the mi-
cro-hardness distribution, we can find that the
three different parts of the joint always fracture at
the place where the hardness is the lowest or at the
place where the hardness varies sharply.
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Fig. 5 Hardness distributions at
different parts of joint

In general, the heterogeneity of the mechani-
cal properties of joints attributes to the different
thermo-mechanical actions on the different parts of
the joints. In the three parts of the same joint, the
upper part is frictionized and stirred not only by
the tool pin, but also by the tool shoulder, there
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fore it is different from the middle and lower parts
in microstructure. For the joint used in this study,
there are heat input and upset force to ensure the
weld metal to flow freely in the upper part, and at
the additional stirring action of the shoulder,
microstructure in upper part is characterized by
very fine grains whose hardness is always very
high. From the micro-hardness distribution, we
can see that the area of the decreased hardness in the
upper part is smaller than that of the other two parts.

The middle part is similar to the upper one,
but it is frictionized and stirred only by the pin,
therefore the heat input to the middle part is less
than that to the upper part. However, the heat
output from the middle part is less than that from
the upper or the lower part, and then there is suf-
ficient heat input to ensure the weld metal flow.
The effective heat absorbed by the middle part may
be larger than that absorbed by the upper part or
the lower part, thus the middle part is seriously
softened and the micro-hardness is lower than that
of the other two parts. In the upper and middle
part of the joint, there is sufficient heat input and
stirring actions in the welding process, and the
variation of the microstructure between the shoul-
der-affected zone and the TMAZ or between the
nugget and the TMAZ, is not very sharp. The
weak zone is the HAZ, which is characterized by
coarse lath-shaped structure.

The lower part of the joint is frictionized only
by the pin, and due to the taper geometer of the
pin, the heat input in the lower part is the smallest
among the three parts, but the heat output is the
highest because of the heat transfer to the back
fasten bar. The smallest heat input but high out-
put will result in less softening of the material in
the lower part of the joint, and the plastic material
can not flow as freely as that in the middle part. So
the pin can only stir the material within the diame-
ter dimension. Out of the pin diameter, the mate-
rial flow speed decreases sharply, which results in
the abrupt variation of microstructure between
weld nugget and TMAZ. So the zone between weld
nugget and TM AZ always is one of the weak parts
in the joint. With improving the heat input, the
fracture location of the lower part will be far from
the weld center. In fact, the lower part fractures
at the location of 6.4 mm away from the weld cen-
ter in the retreating side when the weld pitch of
0. 125 mm/r is used. On the other hand, more heat
input will also bring some defect on the upper part
in the joint, such as tiny crack (as shown in Fig.
6), which can decrease the tensile strength of the
integral joint. To determine the optimum welding
parameters, all parts of the joint must be consr
dered. In this paper, the weld pitch of 0.25 mm/r
is the best welding parameter.

Fig. 6 Cross sectional morphology of
joint welded at weld pitch of 0. 125 mm/r

4 CONCLUSIONS

A softened region clearly occurs in the
friction-stirwelded joints of the 2014 aluminum
alloy, thus the tensile properties of the joints are
lower than those of the base material. The welding
parameters have significant effects on the tensile
properties of the joints. Under the weld pitch of
0.25 mm/r, the tensile strength of the integral
joint can reach 360 M Pa, equivalent to 78% that of
the base material. Moreover, the different parts of
the joint possess different mechanical properties.
The tensile strength and the fracture location of
the different parts of the joint are dependent on the
microstructure and micro-hardness distributions of
the joint. [Essentially, the heterogeneity of
mechanical properties of the joint attributes to the
different thermo-mechanical actions on the differ-

ent parts of the joint.
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