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Abstract In this study, AA7075-O and AA7075-T6 Al alloy
plates were friction stir butt welded using two sets of weld
parameters in order to investigate the effects of temper condi-
tion prior to joining and post weld heat treatment on micro-
structure and mechanical properties of the joints. Another goal
of the work is to determine the possibility of restoring the loss
of strength in the joint area experienced in welding of this alloy
in the age-hardened condition by subsequent heat treatment.
The study revealed that the friction stir welding resulted in a
strength undermatching when the alloy joined in T6 condition
while a significant strength overmatching was obtained in the
joints produced in O temper condition. The post weld heat
treatment led to a significant recovery in the strength of the
joints produced in T6 condition, thus a significant increase in
the joint performance. On the other hand, it led to a decrease in
the joint performance value of the joints produced in O temper
condition although the strength was increased. Furthermore,
the post weld heat treatment resulted in abnormal grain growth
in the joint area the degree of which depends on weld param-
eters used and the prior temper condition.

Keywords Al alloys . Friction stir welding . Temper
condition . Post weld heat treatment . Abnormal grain growth

1 Introduction

Al alloys, particularly AA7075, are widely used in transport
applications including aerospace industry owing to their su-
perior specific strength and formability. However, there are

several difficulties in joining of AA7075 Al alloy in the age-
hardened state, particularly in fusion joining, such as porosity
formation, solidification cracking and significant strength loss
in the joint area [1–5]. Friction stir welding (FSW), which is a
solid state joining technique, can be used to produce sound
joints in Al alloys [6–10]. Thus, several investigations have
been conducted in last two decades on FSW of several Al
alloys, which indicate that the welding technique in general
produces joints in Al alloys with better properties than those
produced by fusion welding, for instance in AA5005,
AA2024, AA6061, and AA7020 alloys [11], AA7075 alloy
[12], and AA6082 alloy [13]. However, the strength loss in the
joint area cannot be fully overcome even in the solid state
joining of this alloy including FSW in age-hardened condition
since the heat experienced by the material gives rise to
dissolution/coarsening of the strengthening particles in the stir
zone (SZ) and the coarsening of these particles in the heat
affected zone (HAZ) [14]. The loss of strength in weld region
even occurs in FSW of non-heat treatable Al alloys if the
material is heavily cold-worked prior to joining and/or the
heat input is sufficiently high during joining [15].

Recently, several studies have been conducted to investigate
the possibility of the recovery of this strength loss by post weld
heat treatment (PWHT). For instance, Sato and Kokawa [16]
reported that both direct artificial aging and artificial aging
following solutionizing led to an increase in the strength of
the joint area of FSWed AA6063 Al alloy plates. Similarly,
Chen et al. [17] also observed that artificial aging following
solutionizing led to improvements in the strength of the joint
area of FSWed AA2219-O Al alloy plates. Safarkhanian et al.
[18] also reported that the strength in the joint area of FSWed
AA2024-T4 Al alloy joints could be increased by a natural
aging following solutionizing. Moreover, Aydın et al. [19]
investigated the effect of several different PWHTs on the
strength of the weld zone of FSWedAA2024-T4Al alloy joints
and reported that only artificial aging following solutionizing
led to a significant increase in the strength and natural aging
following solutionizing did result in a decrease in the strength
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in contrast to the findings of [18]. Furthermore, Elangovan and
Balasubramanian [20] investigated the influence of different
PWHTs on the strength of the weld zone of FSWed AA6061-
T6 Al alloy joints and reported that direct artificial aging
without solutionizing led to an increase in strength whereas
artificial aging following solutionizing resulted in a decrease.
On the other hand, a more recent work by İpekoğlu et al. [21]
demonstrated that an increase in the strength of the FSWed
AA6061-T6 Al alloy joints in the weld zone could be obtained
by artificial aging following solutionizing.

There are also very few studies reported on the effect of
PWHTon the joint properties of 7XXX series Al alloys in the
literature with contradicting results. For instance, Singh et al.
[22] reported that artificial aging following solutionizing led
to a decrease in the strength of the weld zone of FSWed
AA7039 Al alloy joints whereas in a more recent work [23],
it was observed that direct aging without solutionizing (natural
or artificial aging) improved the mechanical properties of the
same alloy. On the other hand, Mahoney et al. [24] reported
that a direct artificial aging without solutionizing did not alter
the yield stress, but decreased the tensile strength of the
FSWed AA7075-T651 Al alloy plates.

It can be clearly seen from the discussion above that there
are contradicting results in the literature on the influence of
PHWT on the mechanical properties of FSWed Al alloys.
Moreover, the work conducted on the effect of PWHT on
the mechanical properties of FSWed 7XXX series Al alloys
(namely AA7039 and AA7075-T651) are very limited [13,
22, 23], and there is only one work in the open literature in

which an increase in the strength could be achieved in FSWed
AA7039 alloy joints [23]. Furthermore, there is no report in
open literature demonstrating that the strength can be in-
creased in the weld zone of FSWed AA7075 Al alloy, partic-
ularly in the age-hardened grade (i.e., T6). Thus, it is of
interest to demonstrate that the strength loss taking place in
the weld zone of this alloy (AA7075-T6) during FSW can be
recovered by PWHT and that there is certainly a need for a
systematic investigation on this issue. This was the motivation
to conduct the current study.

The possibility of increasing the joint performance of
FSWed AA7075 Al alloy joints by PWHT was investigated

Table 1 Chemical compositions of AA7075 Al alloy plates used in this study (wt%)

Plate Al Si Fe Cu Mn Mg Cr Zn Ti V Zr Other

7075-O Bal. 0.12 0.24 1.46 0.03 2.48 0.19 5.61 0.03 0.01 0.01 0.02

7075-T6 Bal. 0.05 0.09 1.69 0.02 2.42 0.20 5.60 0.04 0.006 0.005 0.001 B, 0.0018 Pb, 0.004 Ni, 0.0026 Sn, 0.003 Be, 0.08 H2
a

aMilligram of H2 per 100 g of Al

Table 2 Weld parameters used

Plate Parameters

Rotation
rate (rpm)

Travel speed
(mm/min)

Symbol

AA7075-O 1,000 150 1000/150

1,000 150 1000/150-PWHT

1,500 400 1500/400

1,500 400 1500/400-PWHT

AA7075-T6 1,000 150 1000/150

1,000 150 1000/150-PWHT

1,500 400 1500/400

1,500 400 1500/400-PWHT

PWHT specimens which were post weld heat treated after the joining

Fig. 1 Microstructures of the base plates used in this study, namely
AA7075-O and AA7075-T6 Al alloys, both in the as-received and T6-
treated conditions: a 7075-O, b 7075-T6, c T6-treated 7075-O (7075-O-
HT), and d T6-treated 7075-T6 (7075-T6-HT)

202 Int J Adv Manuf Technol (2014) 70:201–213



in this study. AA7075 Al alloy plates were received in two
different temper conditions, namely, O and T6. Thus, the
effect of the prior temper condition on the joint quality was
also investigated in conjunction with the influence of PHWT.

2 Experimental procedure

2.1 Materials and specimen preparation

In this study, AA7075-O and AA7075-T6 Al alloy plates with
a thickness of 3.17 mm, the chemical compositions of which
are given in Table 1 [24], were used. Blanks of 300×130 mm
were extracted from the plates received by laser cutting to be
used in welding trials. The surfaces of the blanks were me-
chanically cleaned prior to joining.

2.2 Welding trials and post weld heat treatment

Welding trials were made on these blanks of 300×125 mm
perpendicular to the direction of rolling, the length of welds
being 300 mm. The welds were performed by using a univer-
sal CNC vertical machining center with a motion sensitivity of
1 μm and employing the usual clamping and steel backing

plate. A stirring tool with a M4-threaded cylindrical pin (its
length being 3 mm) was used. The tool had a concave shoul-
der with a diameter of 15 mm. It was made of AISI H13 hot
work steel and heat treated to a hardness of 52 HRC after
machining to increase its wear resistance [21, 24, 25]. The
welding trials were conducted in position control mode and no
tilting of the stirring tool was employed.

Friction stir-welded joints were produced using two differ-
ent sets of weld parameters for both plates (i.e., O and T6
treated), namely 1,000 rpm and 150 mm min−1 (hereafter,
designated as 1000/150) and 1,500 rpm and 400 mm min−1

(hereafter designated as 1500/400). The former parameter set
was determined to be optimum in a previous study for AA7075
plates both in O and T6 temper conditions for the experimental
setup used [24] and the latter being optimum for AA6061
plates both in O and T6 temper conditions [25]. Thus, the
possibility of using weld parameters, which were found to be
optimum for a lower strength Al alloy (i.e., AA6061), in other
words the use of a higher welding speed for this higher strength
Al alloy plates (i.e., AA7075), was also investigated. A total of
eight welded joints were produced on both AA7075-O and
AA7075-T6 plates (hereafter designated as O joints and T6
joints, respectively) using the weld parameters of 1000/150
1500/400, Table 2. As seen from the table, two sets of joints

Fig. 2 Cross-sections of the
joints produced in AA7075-O Al
alloy plates (O joints): a as-
welded and b PWHTed

Fig. 3 Micrographs of the DXZs
of AA7075-O joints: a as-welded
and b PWHTed
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were produced for each plate condition and parameter set in
order to determine the microstructural evolution in weld zone
and joint properties in the as-welded and PWHTed conditions.
PWHTconsisted of solutionizing at 485 °C for 4 h followed by
quenching and artificial aging for 6 h at 140 °C.

2.3 Testing and characterization of joints

Four standard tensile test specimens with a gauge length of
100 mm (according to TS 287 EN 895) were extracted from
each joint by electro-discharge machining. The specimens
were extracted perpendicular to the weld direction, thus par-
allel to the rolling direction [24, 25]. Tensile tests were
conducted using a universal tensile machine with a load
capacity of 100 kN. All tensile tests were conducted using a
loading rate of 1 mm/min.

Metallography specimens were also extracted from each
joint for microstructural investigations. Following grinding
and polishing, the O joint specimens were etched using a
solution of 10 g NaOH and 90 ml distilled water at 65 °C

for 45 s and then the surfaces were rinsed using a solution of
50 ml HNO3 and 50 ml distilled water for 2–4 s. On the other
hand, the T6 joint specimens were etched using Keller’s
reagent (150 ml distilled water, 3 ml HNO3, 6 ml HCI and
6 ml HF) at 0 °C for 25 s. A detailed investigation was carried
out on the cross-section of each joint in addition to the base
plates by optical microscopy to determine the microstructural
evolution and also the existence of any weld defects in the
joints. Furthermore, Vickers microhardness measurements
were also carried out on these specimens along the centerline
across the joint using a load of 100 g (loading time is 20 s).

3 Results and discussion

3.1 Microstructural aspects

Figure 1 illustrates the microstructures of the base plates used in
this study, namely, AA7075-O and AA7075-T6 Al alloys, both
in the as-received and T6-treated conditions. T6 aging

Fig. 4 Higher magnification
micrographs showing DXZs of
7075-O joints: a as-welded and b
PWHTed

Fig. 5 Higher magnification
micrographs of the weld areas of
PWHTed 7075-O joints: a the
transition area between SZ and
base plate of the 1000/150 joint,
and b the DXZ of 1500/400 joint.
Note localized AGG formation in
the shoulder area in a and
extended AGG formation in b
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treatment applied to the base plates is the same to the one used
as PWHT to the welded plates. AA7075-O as-received plates
exhibited a microstructure consisting of significantly elongated
alpha grains indicating that it was heavily rolled (Fig. 1a). Sim-
ilarly, a significantly elongated grain structure was also exhibited
by the same plate after the post weld aging treatment (Fig. 1c).
7075-T6 plates also displayed an elongated grain structure in the
as-received condition. However, the elongated grains in this
plate were much shorter than those observed in 7075-O plates.
This indicates that the degree of forming applied to 7075-O
plates was higher. Moreover, undesirable inhomogeneously dis-
tributed iron- and silicon-rich particles in the form of coarse
constituent particles, i.e., Al7Cu2Fe, Al12Fe3Si, and Mg2Si, are
also present in the microstructure [26]. The strengthening phases
which yield the high strength of this alloy after aging are fine
MgZn2 precipitates homogeneously distributed in alpha grains,
which are not seen in the optical micrographs given in Fig. 1b–d,
since these particles are too fine and can only be resolved in
transmission electron microscopy [27].

3.1.1 Microstructural aspects of O joints

Figure 2a shows the cross-sections of the joints produced in O
temper condition (hereafter designated as O joint) in the as-
welded condition. As seen from this figure, the joint produced
with the parameter set of 1000/150 exhibited no weld-defect
whereas a low amount of weld defect was observed in the SZ
of the 1500/400 joint.Moreover, the presence of weld defect is
also clearly seen in a higher magnification micrograph of the
joint after PWHT, Fig. 2b. These results indicate that the weld
parameters suitable for lower-strength AA6061 plates [25] are

not convenient for this higher-strength AA7075 Al alloy
plates. This result suggests that the joint quality of FSWed
higher strength AA7075-O plates is more sensitive to the weld
parameters used during FSW.

Moreover, an oxide layer was also observed in the dynam-
ically recrystallized zone (DXZ) of the 1500/400 joint both in
as-welded and PWHTed conditions, Fig. 3, possibly due to the
higher welding speed used in producing this joint. This in turn
results in insufficient deformation to break up the oxide layer
during FSW. Similarly, the presence of oxide layer was also
reported for FSWed AISI 304 stainless steel joints [28].

A fine-grained microstructure was formed in the DXZs of all
O joints produced, Fig. 4a, since FSW is a process in which the
material deforms excessively [29, 30] . Moreover, a finer-grain
structure was formed in the DXZ of the O joint produced with
the parameters of 1500/400 than in that of the 1000/150 O joint.

PWHT resulted in excessive grain growth in the DXZs of
both O joints, known as abnormal grain growth (AGG) [31].
Both joints exhibited a DXZ consisting of two different re-
gions, namely AGG and fine-grained regions, Figs. 5 and 6.
However, the degree of AGG formation after PWHTwas quite
different in two joints produced with different weld parameter
sets. The extent of AGG formation was very limited in the
1000/150 joint in which the fine-grain structure evolved during
FSW did not alter almost all over the cross-section of the joint
except a narrow region under shoulder, Figs. 2b, 3b, 4b, and 5.
In contrast, the 1500/400 joint exhibited AGG formation al-
most all over the cross-section, Figs. 2b, 3b, 4b, and 5.

This difference in the degree of AGG can be explained by
the amount of plastic deformation (i.e., the stored energy)
during FSW. If the plastic deformation is higher in some

Fig. 6 Micrographs showing the
microstructural evolution in the
SZ of the O joints upon PWHT

Fig. 7 Cross-sections of the
joints produced in AA7075-T6 Al
alloy plates (T6 joints): a as-
welded and b PWHTed
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regions of the weld cross-section, i.e., in the shoulder zone,
AGG formation is more likely to develop in these regions.
This is likely the reason for the AGG formation in a narrow
region under the shoulder in the 1000/150 O joint. Moreover,
the energy stored in the SZ increases as finer grains are
formed. The degree of AGG formation upon subsequent heat
treatment is higher when the stored energy is high [21, 31, 32].
Thus, a higher amount of AGG formation in the 1500/400 O
joint after PWHT is probably due to the evolution of finer
grains in the SZ prior to PWHT, Figs. 2b, 3b, 4b, and 5. This
clearly indicates that the weld parameters play an important
role on the degree of AGG formation upon PWHT. Similarly,
Attallah and Salem [32] also reported that the weld parameters
had a significant effect on AGG formation upon PWHT in
FSWed AA2095 plates.

3.1.2 Microstructural aspects of T6 joints

Figure 7a shows the cross-sections of the joints produced in
T6 temper condition in the as-welded condition. As seen from

this figure, the T6 joint produced with the parameter set of
1000/150 exhibited no weld-defect whereas a low amount of
weld defect was observed in the SZ of the joint obtained with
the parameter set of 1500/400. These results indicate that the
weld parameters suitable for lower strength AA6061 plates are
not convenient for this higher strength AA7075Al alloy plates
in the T6-treated condition as the case in the O joints.

As the case in the as-welded O joints, a fine-grained mi-
crostructure was formed in the DXZs of both T6 joints pro-
duced, Fig. 8a. As seen from this figure, the grain size was
quite similar in both joints. However, the joint produced with
the parameters of 1500/400 contain more coarse particles in
the DXZ than the 1000/150 joint. Moreover, PWHT resulted
in significant AGG formation in DXZs of both T6 joints
(Fig. 7b), in contrast to the O joints where the degree of
AGG formation was observed to be very limited in the
1000/150 O joint. However, the grain size after the AGG
formation upon PWHTwas different in the T6 joints produced
with weld parameters of 1000/150 and 1500/400. The grain
coarsening in the DXZ of 1000/150 joint was much higher

Fig. 8 Higher magnification
micrographs showing DXZs of
7075-T6 joints: a as-welded and
b PWHTed

Fig. 9 Micrographs showing the
microstructural evolution in the
SZ of the T6 joints upon PWHT
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than that in the DXZ of 1500/400 joint, which is probably due
to the distinct microstructure in the DXZ of this joint
consisting of intermixed fine and coarse grains (probably
giving rise to a higher stored energy), Figs. 7b and 8b.

It is also worth noting that the fine-grained structure
evolved during FSW remained unchanged in a narrow region
in the DXZ neighboring TMAZ of 1000/150T6 joint whereas
the AGG formation took place all over the cross section of
1500/400T6 joint, Fig. 9, in contrast to the O joints where this
narrow region was observed in the 1500/400 joint.

3.2 Hardness

Hardness profiles of O and T6 joints both in as-welded and
PWHTed conditions are shown in Figs. 10 and 11, respectively.
As seen from Fig. 10, the as-welded O joints displayed a
hardness increase in the weld area (i.e., strength overmatching)
and the maximum hardness being about 170 HV, which is
110 HV higher than that of the O temper base plate (i.e.,
60 HV). Moreover, it is also worth noting that the width of
the area where hardness increased after FSW is larger in the O
joint produced with the weld parameter set of 1000/150. This
hardness increase in the weld area is possibly due to the fact

that the grain refinement took place in the SZ during FSW
(Fig. 4). Furthermore, the O temper alloy does not usually
experience a hardness loss in joining since it is annealed, i.e.,
soft. Similar results were also reported for FSWed AA2219-O
[17]. After PWTH, the hardness profile of these joints became
quite homogeneous across the joint area (i.e., strength
evenmatching). The hardness was about 170 HV all over the
specimen across the joint, which is slightly below the hardness
usually achieved in this alloy by T6 treatment.

As seen from Fig. 11, the as-welded T6 joints displayed a
hardness decrease in the weld area (i.e., strength
undermatching) in contrast to the O joints where a strength
overmatching was obtained. This hardness loss can be attrib-
uted to the dissolution of strengthening particles, which pre-
cipitated after T6 treatment (i.e., aging) of this alloy, in the SZ
and coarsening of the strengthening particles in the HAZ. It is
also worth noting that the hardness minimum lies in the HAZ
region. Similar results were also reported for other Al alloy
plates in T6 temper condition [14, 19–23]. The hardness
profiles also showed that the degree of hardness loss in the
weld area of T6 joints was higher in the joint produced using
the parameters of 1000/150, the minimum hardness being 130
HV, than that observed in the 1500/400 joint, i.e., 143 HV.
This is probably due to the presence of less coarse particles in
the DXZ of this joint compared to that of the joint produced
with the parameters of 1500/400.

Moreover, PWHTalmost fully recovered the hardness loss
in both T6 joints and their hardness profiles became quite
homogeneous across the joint area (i.e., strength even-
matching) as the case in the O joints. However, the average
hardness value obtained in the 1000/150 joint (i.e., 165 HV)
was slightly lower than that of the 1500/400 (i.e., 170 HV).
These hardness values are at the level of the hardness usually
achieved in this alloy by T6 treatment, indicating that PWHT
(i.e., T6 treatment) restores the strength in the weld area of
FSWed AA7075-T6 plates to that of the respective base plate.

3.3 Tensile strength

The results of the tensile tests conducted on the base plates and
the FSWed O and T6 joints, both in as-welded and PWHTed
conditions, are summarized in Table 3. It gives the proof
stress, tensile strength, and elongation values of the base plates
and the joints. The joint performance values of the joints in
terms of proof stress, tensile strength, and elongation are also
given. These joint performance values were calculated using
the average values for each case. Moreover, the performance
values of the joints in as-welded condition were calculated
using the properties of the respective base plates (as-received
O or T6-treated base plates) whereas this calculation was
made using the properties of as-received T6-treated base plate
for all PWHTed joints. The average values obtained from the
tensile tests were also presented as column graphics in Fig. 12.
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3.3.1 Tensile strength of O joints

All traverse tensile specimens extracted from both O joints
produced with the parameters of 1000/150 and 1500/400
failed in the base plate away from the joint region. These

results are in good agreement with the hardness profiles of
these joints (Fig. 10), which all exhibited strength over-
matching in the joint region. Moreover, even the presence of
some defects and oxide layer in the SZ did not change the
fracture location in traverse tensile test specimens due to the

Table 3 Summary of tensile test results of the base plates and the joints

Specimen AA7075-O AA7075-T6

1 2 3 4 Ave.a JP (%)b 1 2 3 4 Ave.a JP (%)b

Base plate

Tensile strength, Rm (MPa) 203.2 206.8 197.2 206.6 203.5 – 563.1 559.2 567 564.7 563.5 –

Proof stress, Rp0.2 (MPa) 85.1 84.6 87 84.3 85.2 – 493.9 492.2 502 496.2 496.1 –

Elongation (%) 19.1 20.4 17.8 18.3 18.9 – 16.4 14.4 16.3 17.1 16.1 –

1000/150

Tensile strength, Rm (MPa) 203.9 203.7 203.7 204.1 203.9 100.2 449.7 449.2 443 457.5 449.9 79.8

Proof stress, Rp0.2 (MPa) 88 89.4 88.5 87.8 88.4 103.8 365.1 364.9 369.3 365.2 366.1 73.8

Elongation (%) 14.21 14.07 13.76 14.27 14.1 74.6 1.92 1.92 1.69 1.02 1.54 9.6

1500/400

Tensile strength, Rm (MPa) 205.7 205.8 206.1 206.2 206 101.2 380 395.8 380 372.4 382.1 67.8

Proof stress, Rp0.2 (MPa) 89.3 89.4 89.6 89.4 89.4 104.9 – – – – – –

Elongation (%) 14.76 14.32 14.93 16.25 15.1 79.9 0.64 0.68 0.62 0.6 0.64 4

1000/150-PWHT

Tensile strength, Rm (MPa) 506.6 539.6 538.9 515.4 525.2 93.2c 508.2 521.4 485.6 492.8 502 89.1

Proof stress, Rp0.2 (MPa) 482.9 493.5 490.5 492.6 489.9 98.8 c 479 481.3 480.4 478.5 479.8 96.7

Elongation (%) 1.45 12.1 10.61 2.46 6.66 41.4 c 2.09 3.45 1.24 1.31 2.02 12.5

1500/400-PWHT

Tensile strength, Rm (MPa) – 490.6 497.9 491.3 493.3 87.5 c 458.4 524.2 535.5 529.3 511.9 90.8

Proof stress, Rp0.2 (MPa) – 488.5 489.3 489.1 489 98.6 c – 504.2 502.8 500.1 502.4 101.3

Elongation (%) – 1.02 1.25 1.12 1.13 7 c 0.72 1.85 3.11 2.47 2.09 13

a Average value
b Joint performance value, JP=(Property of the joint/Property of respective base plate)×100,
c Joint performance values were calculated using the properties of as-received 7075-T6 base plate.
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strength overmatching, i.e., so-called shielding effect (Figs. 2
and 3).

The strength properties of these joints (i.e., proof stress and
tensile strength) were similar to those of the as-received O-
base plate, thus the joint performance values in terms of
strength were about 100 %. On the other hand, the percent
elongation values exhibited by these joints (i.e., about 14–
15 %) were lower than that of the O-base plate (i.e., about
19%) although all specimens failed in the base plate, (Table 3,
Figs. 12 and 13). These low elongation values exhibited are
due to the hardness increase in the weld regions (i.e., strength
overmatching), which do not plastically deform during the
testing, thus reducing the overall elongation of the specimens.
In other words, the elongation values were determined by a
video extensometer on a gauge length of 100 mm although the
weld region (about 15 mm wide in the centerline) does not
plastically deform during the test. Thus, only the base plate
sections of the specimen (i.e., about 85 mm) plastically de-
form, leading to lower overall percent elongation values. In
order to demonstrate the effect of strength overmatching on
elongation value, the percent elongation values were also
calculated using a gauge length of 50 mm on the specimens

after the test. The percent elongation values calculated using a
gauge length of 50 mm decreased further as seen in Table 4.
This is expected since the 50-mm gauge length contains less
base plate section (i.e., about 35 mmwide). This result clearly
demonstrates that the presence of strength overmatching in the
weld region reduces the overall elongation of the specimen in
the traverse tensile testing. Similarly, lower elongation values
were also reported for laser beam-welded steel joints with
strength overmatching weld regions [33, 34].

PWHT (T6 treatment) led to an increase in the strength
values of both O joints (Table 3, Figs. 12 and 13). However,
the 1000/150 O joint exhibited a higher tensile strength (i.e.,
525MPa) than that of the 1500/400O joint (i.e., 493MPa) after
PWHT although the proof stress values were very similar (i.e.,
about 490 MPa). The highest joint performance values were
obtained from the 1000/150-PWHT specimens, being about
93 % in terms of tensile strength and about 99 % in terms of
proof stress. Moreover, it also exhibited a significantly higher
elongation value (i.e., about 7 %) than that of the 1500/400
joint (i.e., about 1 %). The reason for the lower tensile strength
and very low elongation exhibited by the PWHTed 1500/400
joint is the presence of oxide layer rather than the presence of
weld defect in the DXZ of this joint (Fig. 3). This was clearly
demonstrated by the fractography conducted on the 1500/400-
PWHT specimens after testing (Fig. 14), in which the fracture
took place along the oxide layer existing in the DXZ. The
presence of oxide layer did not have any effect on the mechan-
ical behavior of the same joint in the as-welded condition as
discussed above since the weld defects were shielded by the
presence of strength overmatching. Thus, the subsequent T6
treatment after joining diminishes the shielding effect created
by strength overmatching since it results in a homogeneous
strength distribution all over the specimen across the joint area
(i.e., strength evenmatching). This indicates that PWHTcan be
used to increase the properties of the O joints of this alloy

Fig. 13 Comparison of stress-
elongation (in percent) curves
of O joints to those of the
as-received O and T6 base plates

Table 4 The effect of gauge length on the elongation (in percent) values
of as-welded O and T6 joints

Specimen Elongation (%)

7075-O 7075-T6

L=100 mm L=50 mm L=100 mm L=50 mm

1000/150 14.1 8.65 1.54 3.75

1500/400 15.1 9.7 0.64 0.75

L gauge length
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provided that they do not contain any weld defect in the SZ
prior to PWHT.

Moreover, the average elongation value of the 1000/150-
PWHT joint (i.e., about 7 %) was also significantly below that
of the as-received T6 base plate (i.e., 16 %) although it
exhibited comparable strength values (Table 3, Figs. 12 and
13). Four specimens extracted from this joint were tested, two
of which failed from the base plate away from the joint area
exhibiting an elongation of about 11–12%while the other two
specimens fractured in DXZ displaying very low elongation
values (namely 1.5 and 2.5 %), thus reducing the average
value to about 7 % which corresponds to a joint performance
value of about 41%. The reason for this can be the fact that the
welding trials were conducted by position control leading to
local variations in the weld quality. The higher elongation
values exhibited by the specimens failing in the base metal
(i.e., about 11–12 %) were also below that of the as-received
T6 base plate (i.e., 16 %), which is likely to the difference in
the chemical composition, Table 1, and the degree of forming

in these two as-received base plates (namely O and T6 base
plates), Fig. 1. Another reason for this difference observed in
elongation values can be the difference between T6 treatments
applied to the as-received T6 base plate by the supplier and the
one conducted in this work.

3.3.2 Tensile strength of T6 joints

All traverse tensile specimens extracted from both T6 joints in
the as-welded condition failed in the joint region in contrast to
the O joints. However, the T6 joint produced using the weld
parameters of 1000/150 exhibited higher strength values (i.e.,
proof stress and tensile strength of 382 and 450 MPa, respec-
tively) than those of the joint produced using the parameters of
1500/400 (suitable parameters for lower strength AA6061),
Table 3, Figs. 12 and 15. The reason for lower strength values
exhibited by 1500/400T6 joint is the presence of weld defects
in the SZ of this joint (Fig. 7). It was also observed that the
specimens extracted from this joint failed in elastic region

Fig. 14 The fracture location in
the tensile test specimen extracted
from the 1500/400 O joint after
PWHT

Fig. 15 Comparison of stress-
elongation (in percent) curves of
T6 joints to that of the as-received
T6 base plate
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without exhibiting any significant plastic deformation,
Fig. 15. This shows that the heat input is insufficient during
FSW of the 1500/400 joint giving rise to the formation of
defects. Thus the presence of weld defects in the SZ lowers the
joint strength values, indicating this parameter set is not suit-
able. Moreover, both T6 joints displayed a very low elonga-
tion (i.e., 0.6 and 1.5 % for 1500/400 and 1000/150 joints,
respectively). The reason for this low elongation is the
strength undermatching in the SZ of these joints leading to
confined plasticity (Fig. 11). It is also worth pointing out that
the presence of weld defects in the SZ of the 1500/400 joint
seems to further decrease the elongation of the joint.

In order to demonstrate the effect of strength
undermatching on elongation value, the percent elongation
values were also calculated using a gauge length of 50 mm
on the specimens after the test in addition to 100-mm gauge
length. The percent elongation values calculated using a gauge
length of 50 mm increased from about 1.5 % to about 3.8 %,
as seen in Table 4, (i.e., the joint performance in terms of
elongation increasing to about 23 %). This is not surprising
since the 50-mm gauge length contains less base plate section
with a higher proof stress (i.e., about 30 mm wide), thus the
ratio of the plastically deforming section to the total length of
the specimen increases. This result clearly demonstrates that
the presence of strength undermatching in the weld region
reduces the overall elongation of the specimen in the traverse
tensile testing. Similarly, lower elongation values were also
reported for FSWed cold-worked AA5083 [35] and AA5086
[15] Al alloys joints, in which the plastic deformation only
took place in the weld region.

Moreover, T6 joints also exhibited lower strength values
than the respective base plate (proof stress and tensile strength
of which are 496 and 564 MPa, respectively), even the defect-
free 1000/150T6 joint (i.e., proof stress and tensile strength
being 366 and 450 MPa, respectively) due to strength
undermatching. Thus, highest joint performance values in

terms of proof stress and tensile strength were about 74 and
80 %, respectively.

Similar to the case in the O joints, PWHT led to an increase
in the strength values of both T6 joints (Table 3, Figs. 12 and
15). However, PWHT increased only the strength of the weld
region in these joints as expected in contrast to the O joints
where the strength was increased both in the base plate and the
weld zone. Moreover, the proof stress and tensile strength
values obtained from the specimens extracted from the
1500/400-PWHT joint, which exhibited some defects in the
SZ (the average values being about 502 and 512 MPa, respec-
tively) were higher than those of the defect-free 1000/150-
PWHT joint (i.e., 480 and 502MPa, respectively), Fig. 7. One
specimen out of four extracted from 1500/400-PWHT joint
exhibited very low strength and elongation values (i.e.,
458 MPa and 0.7 %, respectively) than the other three spec-
imens (i.e., >512 MPa and >1.85 %, respectively), Table 3.
This indicates that this joint probably contains local defects in
some areas, not throughout the joint line and the metallogra-
phy specimen extracted from this joint hit a region containing
weld defect.

Moreover, the proof and tensile strength values exhibited by
the joints after PWHT, particularly tensile strength, were also
well below those of the respective base plate, i.e., 496 and
564 MPa, respectively. This can partly be attributed to the
difference between T6 treatments, namely the one given to
the as-received base plate by the supplier and the one applied
to the joints in this study. Thus, this joint displayed a joint
performance value of 89 and 97 % in terms of proof stress and
tensile strength, respectively.

Moreover, the defect-free 1000/150-PWHT joint speci-
mens also showed much lower elongation value (i.e., about
2 %) than the respective base plate (i.e., about 16 %), which is
not expected due to strength evenmatching after PWHT (i.e.,
the strength is homogeneous all over the specimen across the
joint). The reason of this very low elongation values exhibited

Fig. 16 The fracture location in
the tensile test specimen extracted
from the 1000/150 T6 joint after
PWHT

Int J Adv Manuf Technol (2014) 70:201–213 211



by this joint can be attributed to the fact that the structure of its
stir zone is inhomogeneous, i.e., containing a narrow band of
fine-grained region next to the TMAZ and AGG, Fig. 9. The
detailed fractography conducted on the fractured specimens of
this joint clearly demonstrated that the failure indeed took
place along the interface between AGG region and the fine-
grained region within the SZ, Fig. 16, in a possibly brittle
manner, thus reducing the elongation. This is also believed to
be the reason for the lower strength values exhibited by this
joint in addition to the differences in T6 treatments as
discussed above.

This study clearly indicated that the strength of FSWed
AA7075-T6 plates, in which a significant loss of strength
experienced in the weld zone after joining (i.e., high strength
undermatching), can be restored almost to the level of that of
T6-treated base plate by a PWHT consisting of solutionizing
followed by artificial aging. However, the ductility cannot be
restored to the level of base plate. This result is contradicting
with the results reported for FSWed AA7039 plate by [22, 23]
in which it was observed that artificial aging following
solutionizing led to a decrease in the strength of the weld zone
of this alloy. It was also reported that direct aging without
solutionizing (natural or artificial) improved the mechanical
properties [23]. The reason for these contrasting results on the
effect of subsequent PWHT (i.e., consisting of artificial aging
following solutionizing) on the properties of FSWed 7XXX
series Al alloys is probably due to the conduction of artificial
aging at higher temperatures (i.e., 165 or 190 °C) in their work
than the one used in the present study (i.e., 140 °C), probably
resulting in a slightly overaged condition.

4 Conclusions

In this study, it was observed that the joint quality of AA7075
Al alloy plates is very sensitive to friction stir weld parameters
both in O and T6 temper conditions. However, defect-free
joints can be obtained in both plates, if a suitable weld param-
eter set is used. A grain refinement took place in the DXZs of
all the joints produced (both in O and T6 joints) due to the
dynamic recrystallization, the level of which depends on the
weld parameters used. A strength overmatching was obtained
in the weld region of the O joints in contrast to the strength
undermatching in T6 joints. The grain refinement in the DXZ
of O-plates, which is strengthened by solid solution only,
results in the increase of strength in that region, whereas the
strength undermatching in the weld region of T6 joints occurs
due to the dissolution and coarsening of the strengthening
particles in these age-hardened plates. The O joints exhibited
much higher joint performance values than those displayed by
T6 joints, which were in good agreement with the hardness
profiles of the respective joints.

PWHT resulted in an inhomogeneous microstructure con-
taining AGG formation in the DXZ of both O and T6 joints.
However, the degree of AGG formation was found to depend
on the weld parameters used. Thus, the microstructure of DXZ
varies from a microstructure containing a very limited AGG
formation up to a one consisting of a single grain encircled
with a very narrow band of fine-grained region. PHWT also
resulted in a homogeneous hardness distribution across the
joint area in both O and T6 joints. Moreover, PWHT led to an
increase only in the strength of the weld regions of T6 joints in
contrast to the O joints where the strength was increased both
in the base plate and the weld zone. The PWHTed defect-free
O and T6 joints (both produced with the parameters of 1000/
150) exhibited similar strength performance values. However,
the joint performance value in terms of elongation was quite
different in these two joints after PWHT due to the difference
in their microstructures. Thus, FSW this alloy in O temper
condition and then applying a PWHT is more advantageous
than conducting FSW in T6 temper condition and then heat
treating, particularly when higher ductility levels are desired.
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