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In this study, the effect of heat treatment on the mechanical and microstructural properties of
welded joints after friction stir welding of age-hardenable Al-Zn-Mg-Si-Cu wrought aluminum
alloy plates was investigated. For this purpose, some of the samples welded using FSW technique
with a rotational speed of 1250 rpm and a traverse speed of 40 mm-min™ were subjected to
annealing and some to artificial aging heat treatment at different temperatures and times. In FSWed
artificial aged samples where AlFeSi precipitate formations were detected, hardness and strength
increase were realized with grain-boundary strengthening and Orowan hardening mechanisms.
The lowest ultimate tensile strength was 156.3 N-mm in the annealed sample, while the highest
ultimate tensile strength was 210.8 N-mm in the sample artificially aged at 190 °C for 2 hours.
Fractographic examination revealed that ductile fracture occurred in all specimens.

1. Introduction

Aluminum and its alloys, with their low specific gravity,
high strength and improved corrosion resistance, are now
widely used in areas requiring high mobility, such as
automotive, aerospace and defense [1-7]. Similar and
dissimilar welded aluminum joints and its alloys are
needed in these areas. However, the weldability of the
most widely used age-hardenable Al-Cu, Al-Cu-Mg and
Al-Zn-Mg-Cu alloys is poor with fusion welding methods
such as gas tungsten arc welding [8-11]. This is because
during the re-solidification of the molten zone after
welding, defects such as microstructural changes and
solidification cracking occur, which negatively affect the
mechanical properties [12]. In addition, lower distortions
and residual stresses occur with lower heat input [13]. For
this purpose, solid-state welding methods are used for age-
hardenable 2XXX and 7XXX series aluminum alloys.
Friction stir welding (FSW) is one of the solid-state
welding methods used for welding aluminum and its alloys
[10]. The Weld Institute of Cambridge in the UK
developed and patented this technique in 1991 [12,14]. In
the FSW technique, two plates to be joined are joined by
dynamically stirring the two parts together using a tool that
rotates on the joint surface [15]. In addition to preventing
solidification cracking with this method without melting,
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significant grain refinement occurs due to dynamic
recrystallization in the nugget zone [11,12].

Acrtificial aging increases the strength of aluminum
alloys and welded joints. If heat treatment is applied before
welding, the precipitates in fusion welds may dissolve
again due to the high temperature. In FSW, although the
melting temperature is not reached, microstructural
distortions may occur due to high temperature and high
plastic deformation in the weld zone [16]. In addition,
many studies have reported that intermetallic precipitates
are re-dissolved by the FSW process after aging [17-19].
For this reason, the post-welding heat treatment (PWHT)
of FSWed aluminum alloys is a strength enhancement
method. In the literature, there are several studies
investigating the effect of post-welding heat treatment on
the mechanical properties of aluminum alloys such as
AA2014 [20], AA2024 [21], AA 6061 [22,23], AAT7039
[24], AAT075 [13] etc., joined by friction stir welding.
Most of the studies in the literature have focused on post-
weld heat treatment [25-28]. This is because friction stir
welding of peak-aged aluminum alloy reduces tool life due
to higher resistance to deformation [29].

Yadav et al. subjected AA2024 aluminum alloy to an
artificial aging process after FSW. It was reported that the
yield and tensile strengths, as well as the ductility of the
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specimens, increased with PWHT [21]. When Feng et al.
applied PWHT to FSWed AA2219-0, it was reported that
the strength of the welded joint increased, although grain
coarsening occurred in the stir zone (SZ) [30]. Sabari et al.
performed tests with untreated AA2519, welded,
artificially aged, solution treated and artificially aged
FSWed AA2519 specimens and obtained the best
mechanical properties in the solution-treated and
artificially aged FSWed AA2519 specimen [31]. Pabandi
et al. investigated the effects of precipitation hardening
solution treatment and artificial aging heat treatment on the
mechanical and microstructural properties of FSWed
AAB061-T6-AA2024-T6. They found that PWHT increased
the weld strength [32]. Sharma et al. reported that the
mechanical properties of FSWed Al-Zn-Mg aluminum alloy
specimens increased with natural aging, while only the
solution-treated specimens showed a decrease in mechanical
properties [24]. As seen in many studies in the literature, the
increased tensile strength will be achieved by obtaining a
precipitated and fine-grained microstructure with a
homogeneous distribution in the weld zone.[33]. Most of the
studies in the literature have focused on post-weld heat
treatment. This is because friction stir welding of peak-aged
aluminum alloy reduces tool life due to higher resistance to
deformation.

This study selected the Al-Zn-Mg-Si-Cu alloy, widely
used in the automotive, aerospace and defence industries but
not recommended for fusion welding. The effects of
annealing and artificial aging on this alloy's microstructural
and mechanical properties after friction stir welding were
investigated.

2. Materials and Methods

In this study, wrought aluminum alloy with dimensions of
500x80x5 mm sheets were used. The chemical composition
of the aluminum alloy used is presented in Table 1. The
samples were welded using the friction stir welding (FSW)
machine (Beijing FSW Technology Co.) with an FSW-LM-
BM 16-2D Gantry Model. The FSW process was performed
using a rotational speed and a traverse speed of 1250 rpm and
40 mm-min’, respectively. The images of the 4 mm long pin
and shoulder made of H13 tool steel used are given in Figure
1. After the FSW process, 1 mm chips were removed from
the surfaces of the joints by milling. To determine the
mechanical properties of the heat treatment after FSW, some
welded specimens (T0) were annealed at 415 °C for 3 hours.
The remaining specimens were subjected to artificial aging
heat treatment at 450 °C for 2 hours after solution and quench
cooling. These specimens were coded as aging temperature-
duration (190 °C-2 h, 190 °C-4 h, 205 °C-2 h, 205 °C-4 h).

The samples to be used for microstructural and
mechanical investigations were removed from the welded
plate by electrical discharge machining. The samples for

microstructural investigations were sanded with 100-1200
grit SiC abrasive papers in a Metkon Forcipol 1V polishing
machine and then polished using 3 and 1 p diamond
solution, respectively. After polishing, the sample surfaces
were etched using Keller's Reagent (1.0 mL HF, 1.5 mL
HCI, 2.5 mL HNOs and 95 mL water). After the etching
process, the microstructures of the samples were examined
with a Nicon Eclipse LV150N optical microscope (OM)
and Clemex image analysis system. Grain sizes were
measured at 1000x magnification with 10 measurements
from different regions and averaged. Microhardness
measurements were conducted with a load and dwell time
of 100 gf and 10 s, respectively, 1 mm below the surface.
The measurements were conducted using the Future-Tech
FM-700 Vickers micro-hardness tester (Future-Tech
Corp., JAPAN). The tensile tests were carried out
according to ASTM-E8-04 standard using the Shimadzu
Autograph AG-IS 100kN universal testing machine. The
tests were repeated five times for each specimen at room
temperature with a 1 mm-sec™ strain rate. Fracture surface
examinations were performed using a ZEISS GeminiSEM
500 scanning electron microscope (SEM) with a secondary
electron (SE) detector from ZEISS, Oberkochen,
Germany.

Table 1. Chemical composition of the aluminum alloy

(Wt.%)

Elements Amount (wt. %)
Al 93.700
Zn 2.335
Si 0.912
Mg 1.022
Cu 0.912
Fe 0.485
Mn 0.196
Cr 0.129

Other 0.309

Figure 1. Photograph of FSW tool with threaded conical pin
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3. Results and Discussion

Figure 2 shows the cross-sectional macrostructure of the
samples annealed, aged at 190 °C for 2 and 4 hours and at
205 °C for 2 and 4 hours, respectively. The cross-sectional
image clearly shows the different regions in the welded
specimens. These regions are thermally and mechanically
affected base metal (BM) at the edges, friction stir zone
(FSZ) in the middle, shoulder deformation zone (SDZ) at
the top and thermo-mechanically affected zone (TMAZ)
between BM and FSZ. In addition, the retreating side (RS)
and the advancing side (AS) were seen in the SDZ of all
joints. It was found that the TMAZ was wider in RS in all
samples. In addition, the heat-affected zone (HAZ) was
also relatively wider in RS due to the higher temperature.
Voids may form in the AS, especially when material
transfer, plastic flow and temperature are insufficient
[34,35]. However, as shown in Figure 2, no void, tunnel or
cracking-like weld defects were detected in any region of
the specimens. Onion ring-like flow bands, also detected
in different studies [35-37], were observed in the FSZ
region. While some of the studies explained the "onion
ring" shaped band formations with the temperature
differences occurring during the FSW process [38,39],
some studies have found that there is a difference in
precipitate and hard particle density between these bright
and dark bands [40,41]. In addition, it has been reported
that band formation is evident in artificially aged
specimens before welding, while it loses its visibility in
annealed specimens [35]. In this study, the band formation
was not visible in the TO sample due to the dissolution of
precipitates during annealing after the friction stir welding
(FSW) process (Fig. 2a).

In Figure 3, micrographs of the specimens taken from
the FSW region are given respectively. Different
microstructures in different regions of the welded joint can
be detected in these micrographs. In addition to FSZ and
TMAZ, HAZ can be seen at the bottom right of the
micrographs. The TMAZ and HAZ are relatively narrow
in these pictures taken from the AS area. In all samples,
apparent grain growth was detected in the HAZ, while in
the TMAZ, generally small and oriented grains were
observed. Smaller but almost coaxial grains were observed
in the FSZ. The average size of the FSZ grains was 3-5
pum. Similarly, Sajadifar et al. reported the average grain
size in the nugget zone of AA 7075 alloy specimens aged
after welding as 2 um [42]. In addition, changes occurred
in the microstructure of FSZ with artificial aging. Some
increase in the size of a aluminum grains in the FSZ of
artificially aged samples was detected.

The hardness changes of FSWed specimens at the weld
line after heat treatment are given in Figure 4. Post-weld
heat treatment improved the microhardness of all areas.

Figure 2. Cross-sectional macrostructure images of the samples:
a) TO, b) 190 °C-2 h, ¢) 190 °C-4 h, d) 205 °C-2 h and ) 205
°C-4 h.

Figure 3. Cross-sectional micrographs of the samples: a)
TO, b) 190 °C-2 h, ¢) 190 °C-4 h, d) 205 °C-2 h and e)
205 °C-4 h.
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Hardness increases, especially in the HAZ, where
dramatic hardness increases were observed after the
welding process, were also seen in previous studies where
heat treatment was performed [43]. It can be seen that the
highest hardness values in all specimens are in the FSZ,
and the hardness decreases from the weld center to the BM.
Many studies have reported that in aluminum alloys, the
combination of high plastic deformation and frictional
heating effect during FSW, always in the FSZ, results in a
recrystallized microstructure [1,44-48]. As is well known,
grain size affects the strength of metals. The relationship
between grain size (d) and yield stress (g, is described by
the Hall-Petch equation [48]:

o, = 0y + ky,d™1/? @

Here, g, is the friction stress, and k,, is the material
constant. As can be seen from this equation, the yield
strength of metallic material decreases as the grain size
increases. This equation takes the following form using the
H, = 30, equation between the material hardness Hy and
ay.

H, = Hy + kyd~"/? )

As can be seen, a decrease in grain size increases the
hardness of the metallic material. For this reason, a
hardness decrease from FSZ to BM was observed in all
samples. Microstructural investigations revealed a slight
increase in grain size in the FSZ of the artificially aged
specimens compared to the annealed specimen (Figure 3).
The effective mechanism for the hardness increases along
the weld line in all aged specimens is precipitation
hardening. The hard intermetallic precipitates formed due
to artificial aging provide Orowan hardening by
preventing dislocation movements. Figure 5 shows the
elemental microanalysis results obtained by SEM-EDS for
the 190 °C-4 h sample. The region given as Spectrum 2 is
o aluminum. It can be seen that the bright precipitate given
as Spectrum 1 is rich in Fe, Si, and Cu. The presence of
AlFeSi intermetallic precipitate has been reported in
similar studies [49,50].

The influence of post-weld heat treatment on the
aluminum alloy samples' ultimate tensile strength and
maximum strain are summarized in Figure 6. The
improvement in mechanical properties by heat treatments
has also been reported in previous studies [51-53]. In an
earlier study, the tensile strength of a naturally aged
sample with the same chemical compaosition was reported
as 238.25 N-mm and the elongation to fracture as 6.67%
after FSW treatment with the same parameters [1]. In this
study, the tensile strength of the aluminum alloy plate
decreased to 156.3 N-mm™ and the elongation at break

decreased to 4.90% with the annealing process performed
after the FSW process. For the artificially aged specimens,
the highest elongation at break was 6.15 % for the
specimen aged for 2 h at 190 °C. The lowest elongation at
break was 3.19% for the specimen artificially aged at the
same temperature for 4 h.
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This specimen had the highest tensile strength, and its
ultimate tensile strength was 210.8 N-mm2. Therefore,
artificial aging at 190 °C for 4 h improved the tensile
strength by ~34.8% compared to the annealed specimen.
Ipekoglu and Cam also found that the mechanical
properties of the specimens improved after heat treatment,
but the ductility decreased [54]. After artificial aging at
205 °C for 2 and 4 h, the mechanical properties of the
specimens relatively decreased and tensile strengths of
187.3 and 189.9 N-mm were measured after 2 and 4 h
aging, respectively. Tensile test data and 190 °C and 4 h
were determined as peak aging parameters for the artificial
aging process of this aluminum alloy. Figure 7 shows the
fractographs of annealed and artificially aged specimens
after the tensile test. For all heat treatment parameters after
welding, populated dimples of uniform size were observed
on the fracture surfaces of all specimens, elongated in the
load direction. However, it can be seen in Figure 7a that
the size of the dimples decreased with artificial aging, with
the largest dimples formed on the fracture surface of the
annealed specimen. Course dimples and low hardness are
essential indicators of low tensile strength [50]. In
addition, microvoids were also observed in the course
dimples in the annealed sample, where crack formation
started. The size of the dimples decreased with artificial
aging. Specimens artificially aged at 190 and 205 °C for 2
h have larger dimple sizes than those artificially aged for 4

h at the same temperatures. In the 190 °C-4 h (Fig. 7c)
specimen, in addition to fine dimples, flat surfaces were
observed, while less flat surfaces were detected in the 205
°C-2 h (Fig. 7d) and 205 °C-4 h (Fig. 7e) specimens. Fine
dimples are a characteristic indicator of ductile fracture.
Therefore, this specimen is the joint with the highest
ductility. Fine-size dimples are also indicative of high-
strength [56]. In addition to dimple formation, several tear
ridges were observed on the fracture surfaces of 190 °C-4
h (Fig. 7¢), 205 °C-2 h (Fig. 7d) and 205 °C-4 h (Fig. 7e)
specimens.
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Figure 6. The effect of the of post-weld heat treatment on
ultimate tensile strength and total elongation of FSWed

aluminum alloy plates.

T T T
190 °C-4h  205°C-2h  205°C-4h

Figure 7. SEM fractographs of the samples a) TO, b) 190 °C-2 h, ¢) 190 °C-4 h, d) 205 °C-2 h and ¢) 205 °C-4 h.
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4. Conclusions

This study investigated the effects of post-weld heat
treatment on the microstructural and mechanical properties
of age-hardenable Al-Zn-Mg-Si-Cu aluminium alloy
plates welded by friction stir welding (FSW) method. The
main results obtained are as follows:

e No failure was detected in the weld zone after FSW,
but significant onion ring formation was observed,
especially in artificially aged specimens.

e Asaresult of grain refinement in the weld zone with
FSW, hardening with grain boundary strengthening
occurred.

e AlFeSi precipitates were detected in the artificially
aged specimens, which showed an increase in
microhardness over the entire welded section,
including the friction stir zone, due to Orowan
hardening.

e These specimens reached a peak aging parameter of
190 °C and 4 hours of soaking time, and the ultimate
tensile strength was 210.8 N-mm=,

e Ductile fracture mode was observed in all annealed
and artificially aged specimens.
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