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In the present study, 7.8 mm thick AA2219 rolled plates were successfully filling friction stir welded
(FFSW) without keyhole using a semi-consumable tool. The influences of the bit’s geometric parameters
and the plunge speed on the joint’s mechanical properties were investigated. Microstructure of the joint,
especially at the interface, was observed. The results revealed that the AA7075 bit’s employment was able
to decrease the shedding bit material effectively. During tensile tests, the maximum ultimate tensile
strength (UTS) and elongation of the joint were 179.6 MPa and 13.7%, equivalent to 96.6% and 99% of
the original defect-free friction stir welding (FSW) joint, respectively. The defect-free FFSW joints were
produced at lower plunge speeds, and the fracture locations were at the softened region within the heat
affected zone (HAZ) adjacent to the thermo-mechanically affected zone (TMAZ) on the retreating side.
With increasing the plunge speed, the fracture location was more mainly dependent on the interface
strength instead of the hardness distribution.

Crown Copyright � 2013 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, high strength aluminum alloys have been applied as
high strength-to-weight ratio materials [1]. Among them, the high-
strength precipitate hardening Al–Zn–Mg–(Cu) 7000-series alumi-
num alloys such as AA7075 are extensively used in automotive and
aerospace structures for their lightweight and high strength [2].
And the heat treatable Al–Cu 2000-series aluminum alloys such
as AA2219 also has a great potential for a wide range of applica-
tions owing to their high specific-strength, good fracture tough-
ness and excellent stress-corrosion resistance too [3,4].

Friction stir welding (FSW), a solid-state process invented at
TWI (Cambridge, United Kingdom), in 1991, is being targeted by
the industry for structurally demanding applications to provide
high-performance benefits [5,6]. This new technology can join dif-
ficult to weld aluminum alloys by traditional fusion techniques, for
example alloys belonging to the 2000-series with limited weldabil-
ity and the 7000-series generally not recommended for welding
and joining, even if they are the more used aluminum alloys in
aerospace applications [7]. FSW is shown not to cause severe dis-
tortion and residual stresses generated are low compared to the
traditional welding processes [6]. Weld defects, however, like
groove, cavity and kissing bond are easily formed under improper
parameters or technological conditions [8–10]. Emphatically, the
keyhole inevitably remains at the end of the weld, from which
the non-consumable welding tool entry probe has to be withdrawn
after FSW or friction stir spot welding (FSSW). Both lap shear and
cross-tension strengths are limited due to the relatively small
bonding widths [11]. In view of the keyhole or other defects, the
re-FSW process is feasible to restore the defects not only outside
but also inside of the joints. However, new keyholes would be
emerged as soon as the defects were repaired [12].

Up to now, a variety of methods and apparatuses have been
developed to repair the keyhole in FSW welds. A solid state joining
process called friction taper plug welding (FTPW) or friction hydro
pillar processing (FHPP) has been invented by TWI during the
1990s, which involves drilling a tapered through hole into a plate.
After that, a tapered plug with a similar included angle is friction
welded to the matching surface of the hole in a few seconds by
forcing the rotating plug against the drilled hole [13,14]. It can
be used in several applications, for example, at the location of a de-
fect or crack in offshore steel and aerospace aluminum structures
that is intended to be repaired [15,16]. However, due to the use
of the tapered plug without shoulder, stress concentration is going
to be formed at the interface, and a tapered through hole and prop-
er plug should be prepared to get defect free joints, especially for
high melting point material thick structures due to the high flow
stress.

Furthermore, a novel apparatus called auto-adjusting pin tool
has been developed by the National Aeronautics and Space Admin-
istration, which can be used for materials of varying thickness, and
the pin can be incrementally withdrawn from the work pieces dur-
ing the final stage of the transverse, thus eliminating the exit key-
hole in the weld [17]. And similarly, the retractable [18,19] or
double acting re-filling tool [20], consisting of a separated outer
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shoulder and an inner pin, has been developed and applied to elim-
inate the keyhole by controlling the relative movement of shoulder
and pin at the final stage of welding. Uneconomically, all these
three similar welding tools must be installed on exceedingly com-
plex and expensive equipments.

In addition to the above, a new solid state spot joining process
called friction bit joining (FBJ) has been developed relying on a spe-
cial designed consumable joining bit [11,21,22]. The bonding
widths of the joints have been increased. The lap shear strength
of the FBJ spot is better than that of the self-piercing rivets, and
the FBJ is especially applied to join soft and hard materials combi-
nations, such as AA5754 and DP980 steel [22]. The FBJ process is
carried out in two main steps: a cutting step and a joining step.
During the cutting phase, the bit cut through the top layer of the
two sheets to be joined. The heat is mainly generated by the
Fig. 1. Features of FFSW tool: (a) steel shoulder, (b) AA707

Fig. 2. Dissimilar AA2219/AA7075 FFSW plates with (a) FSW keyhole
friction between the bit and surrounding sheet materials. The bit
is consumed as filler material that joins the sheets together. At
the end of the joining phase, the spindle of the welding machine
is stopped very rapidly and then restarted to separate the joining
bit from the weld [11,21,22].

Recently, a new technique called self-refilling friction stir
welding (SRFSW) has been proposed by Zhou et al. [23], where
conventional FSW process is transformed by adopting a series of
non-consumable polycrystalline cubic boron nitride (PCBN) tools
with gradual change in geometry. Keyholes in 316L stainless steel
plates left by friction stir processing (FSP) process have been suc-
cessfully refilled by combined plastic deformation and flow of
the material around the keyhole using the designed tools step by
step. Tensile test results show that the tensile specimens are
fractured at the BM side, and the relative tensile strength and
5 bit and (c) assembled semi-consumable FFSW tool.

defects, (b) repaired keyhole and (c) repaired keyhole after FSP.



Fig. 3. Detailed images of FFSW plates: (a) keyhole defects, (b) repaired keyhole, (c)
repaired keyhole after FSP and (d) repaired keyhole after SFE.
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elongation of the refilled joint are 112% and 82% of that of the BM
respectively [23].

In our previous articles [24–26], a new technique of filling fric-
tion stir welding (FFSW) had been presented. Based on FSW con-
ventional cylindrical welding tool, a new specially FFSW welding
tool using a consumable tapered AA2219 joining bit, instead of
the original non-consumable stir probe with relatively smaller
diameter, fixed in a concentric larger diameter steel shoulder.
The features of this FFSW tool are illustrated in Fig. 1 and its key
geometric descriptions are shown in this picture. By this new
method, typical FSW keyhole in the weld can be successfully re-
moved based on the principle of solid-state joining without defect.
A friction stir welded plate containing filling friction stir welds is
shown in Fig. 2. Detailed views of the keyhole defect and the weld
after FFSW repair are shown in Fig. 3, items a and b, respectively.
And by tests, the FFSW joint’s average values of ultimate tensile
strength (UTS) and elongation are 172 MPa equal to 90% of FSW
weld strength and 11.2% equal to 82% of FSW weld elongation,
respectively. Furthermore, under the optimized parameters of
welding process and joining bit’s geometric features, the highest
UTS can reach 174.7 MPa, nearly 95% of FSW weld’s value, and
the highest elongation is about 14.2%, close to FSW weld’s value.
Quasi equivalence mechanical performances without weld defects
have been achieved by FFSW joint with excellent interface and
mechanical properties [24–26]. However, during previous FFSW
process, as the bit keeping inserting downward into the keyhole,
the bit head begins to contact the zigzag structures on the key-
hole’s surface. Consequently, material deformation and fierce attri-
tion will be happened at the contact region. Additionally, resulting
from the relative lower hardness (96 HV250 g) and the keyhole’s
friction, part of bit’s superficial material will be stripped off and fell
down into the bottom of the keyhole. This experimental phenom-
enon can be proved in previous microstructure images located at
the bottom of the filled zone (FZ) [25]. In micro-images, a notice-
able structure characterized by several overlapped materials has
been observed because of the bit shedding materials. However,
the problem is that these overlapped materials can be the potential
defect sources of cavity and flaw. As a result of the features of the
FFSW tool, the material at the bottom of the FZ experiences rela-
tively gentle stir and insufficient heating especially compared with
the weld nugget zone (WNZ), and the defects like cavity and flaw
are easy to be formed locating at interlayer or interface between
two adjacent layers. So, the bottom of the FZ must be a potential
weak region and further experiments of FFSW using new harder
joining bits are meaningful and rich prospects. Above problems
can be hopefully improved and even solved ideally due to this
innovative idea.

In the present work, a harder AA7075-T6 bit was applied to re-
pair the AA2219-T6 keyhole of FSW beam. Six kinds of AA7075-T6
bits were designed and applied in this paper. Four different plunge
speeds were selected, ranging from 0.5 to 8 mm min�1, to prove if
FFSW efficiency can be further improved and increased without
joint properties’ degradation. The investigation of the dissimilar al-
loys FFSW joint was initiated with three objectives. To investigate
the practicability of the AA2219/AA7075 FFSW joint and the char-
acteristics of joint’s macro/microstructure. Basing on the previous
experiments, to design series of AA7075 bits with selected geomet-
ric sizes and examine the mechanical properties of the joint mainly
in terms of tensile strength, elongation and hardness distributions
under different plunge speeds. Finally, to analyze and summarize
the effects of the bit’s geometric features and plunge speed on
joint’s mechanical properties.
2. Experimental procedures

Following the previous work, in this paper, the base material
(BM) tested for this investigation was still the commercially pro-
duced AA2219 with the following chemical composition: Cu 6.8,
Si 0.49, Mn 0.32, Fe 0.23, Zr 0.2, V 0.08, Ti 0.06, Zn 0.04 and balance
Al (all in mass%). The alloy was hot-rolled in plate of 7.8 mm thick
and subjected to a normal T6 temper treatment (solutionised at
535 �C for 4 h, water quenched and aged at 185 �C for 24 h)
[24,25]. Interestingly, AA7075-T6 barstock with an original diame-
ter of 12 mm was selected as the new bit raw material. The chem-
ical compositions and mechanical properties of AA7075 and
AA2219 are listed in Table 1. Obviously, with a higher hardness
110 HV250g, AA7075 bar is harder than AA2219 rolled plate (94
HV250g). The gage dimension of the weld specimen was 300 mm
in length and 100 mm in width respectively and sliced using elec-
trical discharge machining. Before FSW, the upper surfaces and
edges of the strips were polished by wire brush and cleaned by
acetone solution to avoid parent material surface oxide film and
oil stain. Then the samples were clamped to the backing plate un-
der the facility. Both FSW and FFSW processes were performed
using a FSW facility (FSW-3LM-003, China FSW Center, Beijing
FSW Technology Ltd., Beijing, China). In FSW, a conventional alloy
steel tool and a series of optimal weld parameters used in previous
work were selected [25]. The welding tool was rotated in the clock-
wise direction. The joining conditions including FSW tool’s sizes
and weld parameters are listed in Table 2. In FFSW, an innovative
semi-consumable tool consisting of a consumable AA7075 bit and
a high-speed steel (HSS) shoulder were used to remove keyhole
and defects. The repairing conditions including FFSW tool’s geo-
metric dimensions and weld parameters are reported in Table 3.
Emphatically, like previous experiments, six kinds of AA7075 bits
with same selected geometric parameters were used in present
work. Additionally, four increasing gradually plunge speeds (0.5,



Table 1
Chemical composition (wt.%) and mechanical properties of AA7075 bit and AA2219 base metal.

Materials Chemical compositions (wt.%) UTS (MPa) Elongation (%) Hardness (HV)

Si Fe Cu Mn Mg Cr Zn Ti Zr Al

AA7075 0.08 0.17 1.50 0.04 2.81 0.19 5.82 0.02 0.01 Bal. – – 110
AA2219 0.49 0.23 6.8 0.32 0.02 – 0.04 0.06 0.2 Bal. 280 14.1 94

Table 2
Friction stir welding conditions.

Tool size Shoulder diameter, mm 22
Probe diameter, mm 9.8
Probe length, mm 7.6
Probe conicity, degree 15

Material of tool HSS
Rotary speed, rpm 800
Welding speed, mm min�1 500
Plunge speed, mm min�1 3.0
Deep indentation depth, mm 0.2
Tilt angle, degree 2.5 (forward)

Table 3
Filling friction stir welding conditions.

Tool size Shoulder diameter, mm 22
Bit diameter, mm 10
Bit length, mm 10, 11, 12
Bit conicity, degree 11, 12

Material of tool HSS, AA7075
Rotary speed, rpm 800
Welding speed, mm min�1 500
Plunge speed, mm min�1 0.5, 2, 5, 8
Deep indentation depth, mm 0.1
Tilt angle, degree 2.5 (forward)

Fig. 4. Schematic illustration of the FFSW joint for microhardness tests, together
with an indication of various zones across the weld (BM, HAZ, TMAZ, WNZ and FZ).
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2, 5, 8 mm min�1) were adopted and as a result, the highest effi-
ciency of FFSW can be increased to 40 s. The whole process of
FFSW can be mainly decomposed into three parts, namely previous
FFSW, shoulder further effect (SFE) and lastly friction stir process-
ing (FSP) [25]. In SFE and FSP, the weld parameters include rotary
speed (800 RPM), traverse speed (500 mm min�1), deep indenta-
tion depth (0.1 mm) and tilt angle (2.5�). In SFE, the plunge speed
keeps fixed 0.5 mm min�1 without any change. Features of the typ-
ical weld in SFE and FSP are shown in Fig. 3, items d and c, respec-
tively. The exact positions of the keyholes are marked by red
dashed lines. Dissimilar materials of AA2219 BM and AA7075 bit
were successfully joined by FFSW and no superficial porosity or de-
fects were observed on weld surface.

The specimens for both macro and microstructural character-
ization were cross- sectioned perpendicular to the weld line. Mac-
rostructure images were performed by a stereoscopic microscope
(SM, Olympus-SZX12) and microscopy observations were per-
formed by an optical microscope (OM, Olympus-MPG3). Before
analysis, the metallographic specimens were prepared by sand pa-
pers grinding, diamond paste (1 lm) polishing and Keller’s reagent
(1 ml hydrofluoric acid, 1.5 ml hydrochloric acid, 2.5 ml nitric acid
and 95 ml water) etching. Visual inspection of joints was also car-
ried out in order to distinguish defects on the weld surface.

Tensile tests were performed at an initial strain rate of 10�3 s�1,
using a universal testing machine (Instron-5569), in order to eval-
uate the mechanical properties of the joints obtained by FFSW of
AA7075 bit and AA2219 BM under different welding conditions
including bit’s shape and plunge speed. The tensile specimens were
sectioned in the transverse direction respect to the weld line using
an electrical discharge machining (EDM). The transverse tensile
specimens with a gauge length of 40 mm, a width of 15 mm and
a thickness of 7.8 mm were prepared with reference to China Na-
tional Standard GB/T 2650-2008 (equivalent to ISO 9016: 2001)
[27]. All the specimens were mechanically polished before tests
in order to eliminate the effect of possible surface irregularities
and stress concentration. The tensile tests were carried out at room
temperature, and at least 96 h after FFSW when the alloy reached a
naturally aged stable condition [25]. After tensile tests, the fracture
surfaces were examined using a scanning electron microscope
(SEM, Hitachi-570).

In microhardness tests, Vickers microhardness distribution
maps were measured on the cross section perpendicular to the
welding direction using a computerized digital microhardness tes-
ter (HVS-1000) under a load of 250 g for 10 s. As schematically
shown in Fig. 4, a total of four test lines were measured across
the cross-section at an interval of 2 mm, and the interval between
two adjacent indentations on one line is 1 mm, with a total of 160
indentations.

3. Results and discussion

3.1. Macro and microstructures of FFSW joints

Fig. 5 shows the typical cross-sectional macrograph of the
AA2219/AA7075 FFSW joint welded under a plunge speed of
0.5 mm min�1 and using an AA7075 bit (10 mm in length and
11� in conicity). It can be seen that no welding defect (groove, cav-
ity and kissing bond) is detected on this joint. Like previous work,
with suitable bits and plunge speeds, the filling materials are suf-
ficient and excellent bonding interface can be achieved. Compared
with the traditional FSW joints’ structure, the generalized profile of
the FFSW joint can be normally divided into several similar typical
zones, i.e. the WNZ at the weld center, the HAZ surrounding the
WNZ, the TMAZ between the WNZ and the HAZ, and the BM. The
FZ, however, which is totally different from the traditional zones,
is observed in the center of the FSSW joint under the WNZ.
Obviously, the FZ is formed by the AA 7075 bit. Furthermore, the
self-refilling friction stir welding (SRFSW) joints’ structure can be
generally divided into three regions, the typical refilled zone
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(RZ), the TMAZ and the BM, without the WNZ. Similarly, the RZ is
mainly formed by PCBN tool’s pin as the refilling material [23]. And
in friction taper plug welding (FTPW), three macro-regions can be
easily identified in its solid state joints: the BM, the TMAZ and plug
material [15]. However, due to the use of the tapered plug without
shoulder’s effect, the WNZ cannot be observed, either.

Fig. 6 shows the interface in details between the FZ and the
highly deformed and stirred TMAZ by OM, in four positions: the
advancing side (6a), the retreating side (6b and d) and the
keyhole’s bottom (6c). Obviously, as a result of shoulder and
AA7075 bit’s abundant stir and materials’ deformation, the inter-
face in WNZ is not discernible, AA7075 bit and AA2219 BM have
been metallurgical bonded very well. The transition between the
FZ and the TMAZ is very well defined, containing classical forma-
tion of the elliptical ‘‘Onion-ring’’ structure parallel to the interface.
Compared with the interface closer to the keyhole’s bottom shown
in Fig. 6d, the interface on both sides adjacent to the WNZ (Fig. 6a
Fig. 5. Cross-section of the representative d

Fig. 6. Optical micrographs of the representative FFSW joint’s interface between TMAZ a
and (c) on the bottom of the keyhole.
and b) is more diffused. As arrowed in Fig. 6c, shedding bit material
is still existent at the bottom of the keyhole. In FFSW, as the tool
plunging downward and the AA7075 bit entering into the keyhole,
the head of the bit begins to contact with the inner surface of the
keyhole, the bit surface material will be gradually scraped down
into the keyhole’s bottom under fierce grinding between bit’s head
and keyhole’s inner face. This shedding material, on a certain ex-
tent, will change the shape of bit’s head and affect the bottom
interface’s formation negatively.

To observe more clearly, Fig. 7 presents higher magnification
interface images of two selected regions A and B labeled in
Fig. 6c and d respectively. Like FSW, for the FFSW joint bonded
by thick plates, the shoulder frictional heat source cannot equably
transfers to the middle part and the bottom region at thickness
direction. In the lower part of thick joints, the heat input is in direct
proportion to the material deformation extent and frictional heat.
Therefore, the less homogeneously temperature distributes along
efect-free FFSW joint using AA7075 bit.

nd WNZ (FZ), indicating: (a) on the advancing side, (b and d) on the retreating side,



Fig. 7. High magnification images of the FFSW joint’s interface at selected areas: (a) region A in Fig. 6c and (b) region B in Fig. 6d.
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the joint thickness direction, the less material plastic deformation
occurs around the bit during FFSW for thick plates. If the work-
piece material at the bit/keyhole interface was lack of heat input
and plastic deformation, porosity defect like void could be easily
formed. As arrowhead and dashed line shown in Fig. 7a, the shed-
ding bit material is evident between the keyhole’s bottom and the
AA7075 bit’s head. Several layers of scraped materials accumulate
together periodically, and meanwhile, welding defects like void
(dark slender regions in Fig. 7a) and flaw can be formed within
different stack layers. As shown in Fig. 7b, without sufficient fric-
tion stir heat input energy of the shoulder and the AA7075 bit,
the interface close to the keyhole’s bottom is distinguishable.
Fig. 9. Fracture features of the joints welded at different plun

Fig. 8. Mechanical properties of the joints welded by different AA7075 bits and unde
Deformation and plastic flow of bit and material around the key-
hole are limited and inadequate comparing with those within the
WNZ. Notably, the zigzag structure, which is formed during former
FSW process, can still be found in this region.
3.2. Tensile properties

Fig. 8 shows the transverse tensile results of the AA2219/
AA7075 FFSW joints plotted against the plunge speed. Six kinds
of selected AA7075 bits with regular geometric parameters are
used in FFSW process. Except the plunge speed, all these FFSW
ge speeds: (a) tensile specimens and (b) cross-sections.

r different plunge speeds: (a) tensile strength and (b) percentage of elongation.
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joints are welded under the same optimized parameters listed in
Table 3. Experimental results show that the plunge speed has a
notable significant effect on joint’s strength and ductility. Obvi-
ously, all joints have lower UTS and elongation than BM’s listed
in Table 1. As shown in Fig. 8a, the joint’s UTS declines unsteadily
with increasing the plunge speed gradually. The maximum UTS is
179.6 MPa, equivalent to 96.6% of the original no defect weld, using
the bit of 10 mm in length and 11� in conicity, under a plunge
speed of 2 mm min�1. In contrast to the variation trend in strength,
as shown in Fig. 8b, the joint’s elongation declines sharply with
increasing the plunge speed from 0.5 to 2 mm min�1 due to the
presence of void defects. However, large fluctuation cannot be ob-
served in spite of the plunge speed’s continued increase from 2 to
8 mm min�1. The maximum elongation is 13.7%, close to the origi-
nal weld’s value, using the bit of 12 mm in length and 12� in conic-
ity, under a plunge speed of 2 mm min�1. For the original FSW
weld, the average values of UTS and elongation are 65.6% and
97.2% of the BM respectively. The synergetic restrictions of UTS
and elongation allow the plunge speed not to increase higher than
2 mm min�1. To make comparisons with SRFSW [23] on joints’ ten-
sile properties, the optimal relative elongation of the FFSW joints
(over 90% of the BM’s) is a little higher than that of the SRFSW
joints (only 82% of the BM’s). However, as a result of the differences
of these two techniques mainly on keyholes’ geometrical sizes and
original welds’ strengths, the maximum relative UTS of the FFSW
joints is lower than that of the SRFSW joints. It is important to note
that, the keyholes refilled during SRFSW process are all formed by
former FSP, and the keyholes’ geometrical sizes like diameter and
depth are obviously much less than those of the keyholes formed
by former FSW before FFSW. It is easy to realize that the relative
strength of the weld containing the keyhole is going to be reduced
with the increase of the keyhole’s geometrical sizes. So, the geo-
metrical sizes of the original keyholes are significant influencing
factors that causing the differences between FFSW and SRFSW on
the joints’ relative UTS.

Fig. 9 reveals the tensile fracture features of the FFSW joints
welded at various plunge speeds, using the bits of 10 mm in length
and 12� in conicity. From the front face graph (see Fig. 9a),
Fig. 10. SEM images showing fracture surfaces features of the samples taken from the FF
FFSW joint, (b) overall morphology of previous AA2219 FFSW joint, (c) micrograph of A
significant necking exists around the fracture locations, which
means that the macroplastic deformation occurs in the joints dur-
ing tensile tests. The fracture locations are apparently parameter
dependent and all joints are fractured on the retreating side (RS).
The specific fracture position can be observed in Fig. 9b. The joint
welded at the lowest plunge speed of 0.5 mm min�1 tends to be
fractured in the HAZ, and a void can be observed at the bottom
of the interface (see Fig. 9a). As the plunge speed further increases
from 2 to 8 mm min�1, however, the void defect is formed between
the bit and the keyhole, resulting in the fracture locations shifted
from the HAZ to the interface on the same side. Comparing Fig. 9
with Fig. 8b, it is obvious that if the joint was fractured at interface
area, then its elongation would be badly deteriorated.

3.3. Fractography

The fracture surfaces of tensile tested specimens are character-
ized using SEM to understand the failure patterns. On a macro-
scopic scale, Fig. 10a shows a cross-sectional SEM macrograph of
the fractured AA2219/AA7075 FFSW joint welded at a plunge
speed of 5 mm min�1 and using the bit of 11 mm in length and
11� in conicity. Fig. 10b presents a comparison of the fractograph
features of the original AA2219 FFSW joint with the same plunge
speed and bit. Obviously, these two joints’ fracture surfaces are
both characterized by fine dimples and tearing ridges, which are
created generally in ductile fracture and indicating extensive plas-
tic deformation. As a consequence of employing higher plunge
speed, these two joints are both fractured on the interface of the
bit and the keyhole, and the bits’ profile can be observed clearly.
As arrowed in Fig. 10b, a big piece of the shedding AA2219 bit
material is exposed on the bottom of the keyhole. Expectedly,
in a certain extent, the employment of new AA7075 bit results
in an effective decrease of the shedding bit material (arrowheads
in Fig. 10a). Different from AA2219 joint’s fracture surface shown
in Fig. 10b, it can be seen that the exposed AA7075 bit surface is
mainly divided into two different zones, as marked with A and B
in Fig. 10a and their magnified SEM graphs are shown in Fig. 10c
and d respectively. One zone magnified in Fig. 10c is characterized
SW joints in tensile tests, indicating: (a) overall morphology of the AA2219/AA7075
zone, and (d) micrograph of B zone.



Fig. 11. Vickers hardness profiles across the weld region for a typical FFSW joint at
four different layers.
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by a number of deep equiaxed dimples of varying sizes and shapes,
and cracked second-phase particles, this zone should be the suffi-
cient melting, extruding and stirring zone. However, because of
AA7075 relative aggravated ductility, another zone magnified in
Fig. 10d is characterized by much smoother and flatter surface
which is caused by the crush of the bit surface material. These
observations suggest that the metallurgical bonding is really ex-
isted within almost the whole region of the AA2219/AA7075 FFSW
joint.

3.4. Microhardness profile

Fig. 11 shows the typical microhardness profiles across the
AA2219/AA7075 FFSW joint shown in Fig. 5 on four different lines
through the thickness of the plate, one near the shoulder, two at
mid-thickness and a fourth measurement near the weld root, as
schematically shown in Fig. 4. The average hardness of the whole
weld region on four lines is lower than the BM’s (94 HV250 g). In
a certain extent, the hardness curves are symmetrical with respect
to the weld centerline. The hardness first decreases from the BM to
a lowest value and then shows an increase towards the weld cen-
ter. Consequently, all hardness profiles present a ‘W’ type. The low-
est hardness (38.8 HV250 g) lies in the HAZ adjacent to the TMAZ on
the RS. As mentioned before, the tensile properties and fracture
locations of the joints are dependent on the hardness distributions
and the weld defects positions [28]. The joint welded under lower
plunge speed 0.5 mm min�1 is fractured within the softened region
in the HAZ on the RS. However, as the plunge speed increasing, the
defects are much easier to be formed at the interface and resulting
in the shift of the fracture location from the softened region to the
interface on the same side (Fig. 8). Additionally, the hardness near
the centerline of the weld, especially in the FZ, still closes to the
original values of the AA7075 raw material without significant
change.

4. Conclusions

In summary, a mixed AA2219/AA7075 FFSW joint was success-
fully welded employing a semi-consumable tool consisting of an
alloy steel shoulder and an AA7075 bit. The effects of varying bit
geometric parameters and plunge speeds on the joint’s strength,
ductility, fracture features and hardness distributions were deter-
mined. The joints’ UTS, especially elongation, decreased with
increasing plunge speed. The joints’ maximum UTS and elongation
were 179.6 MPa and 13.7%, equivalent to 96.6% and 99% of the ori-
ginal defect-free weld’s values respectively. Compared with origi-
nal AA2219 bit, the AA7075 bit’s employment could effectively
decrease the bit’s shedding material in the keyhole. The fracture
surface was characterized by fine dimples and tearing ridges. The
fracture features of the joints were largely dependent on the hard-
ness distribution and interface strength. At low plunge speed of
0.5 mm min�1, the joint was fractured at the softened region with-
in the HAZ adjacent to the TMAZ on the RS. However, at higher
plunge speeds, the fracture tended to initiate at the interface on
the same side because of low interface strength. Hardness maxi-
mum values were mainly concentrated around the joint center.
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