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In this study, it was aimed to determine the weld speeds required in order to obtain defect-free joints in AA6061-T6
alloy plates with two different thicknesses (namely 3.0 and 6.2 mm) by friction stir welding at a constant rotational rate
of 1000 rev. min~'. For this purpose, two different stirring tools (one tool for each plate thickness) have been obtained
and used to determine suitable weld speed for each plate thickness. The microstructures of the joints obtained were in-
vestigated in both macro- and micro-scale, and their mechanical properties were determined by conducting microhard-
ness measurements and tensile testing. The current study clearly indicated that AA6061-T6 alloy plates with different
thicknesses can be successfully FS welded provided that suitable stirring tool and weld parameters are used. Moreover,
it was also observed that the joint performance value of the thicker plates was somewhat lower than that of the thinner
plates. This can be attributed to higher heat inputs required in order to obtain defect-free joints in thicker plates and

lower cooling rates after the joining in the case of thicker plates. 42 Ref., 2 Tables, 7 Figures.
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Introduction. Friction stir welding (FSW) is a nov-
el solid state joining technique used for welding low
melting materials, particularly Al-alloys. In this join-
ing method, the heat generated from the resistance of
the material to plastic deformation is utilized to pro-
duce the joint. The workpieces to be joined are held
against each other and a stirring tool rotating at a high
rate is plunged into the workpieces and moved along
the joint line. The workpieces does not melt but plas-
ticizes by the heat generated from the resistance be-
tween the shoulder as well as the surface of the tip
of the stirring tool. The plasticized workpieces are
mixed together by the stirring tool as it travels along
the joint line producing the joint [1-8].

This novel welding technique is at present widely
employed for joining Al-alloys in industrial applica-
tions [6]. Furthermore, the method is also capable of
being used in joining of Cu-alloys [9—-11], Mg-alloys
[12—14], Pure Pb [15], and even for higher tempera-
ture structural materials such as steels [16—-19] and
Ti-alloys [4] provided that the limitations on suitable
stirring tools that can withstand temperatures above
1000 °C. The problems originating from the melting
are not encountered in this joining technique since the
workpieces do not melt during welding. These diffi-
culties encountered in fusion joining include porosity
formation and cracking in weld zone [20-26]. More-
over, it is desirable to obtain comparable mechanical
properties in weld zone of a joint to those of the base
plate [1]. However, the loss of strength in the weld
region, both in weld nugget in the HAZ, takes place in
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this joining method due to dissolution and coarsening
of strengthening precipitates, respectively. Neverthe-
less, the loss of strength is much lower in FSW than
that occurring in the fusion joining due to the lower
heat inputs involved in FSW.

AA6061 Al-alloy exhibits a very good corrosion
resistance. Owing to its good corrosion performance
coupled with its high strength and light weight, this
alloy is widely used in industrial applications. Thus,
numerous studies have been conducted on friction
stir weldability of these alloys [27-31]. In this study,
AA6061-T6 alloy plates with two different thickness-
es, namely 3.0 and 6.2 mm thick, have been friction stir
welded using a different stirring tool for each. In these
weld trials, the rotational rate (i.e., 1000 rev. min™")
chosen from the literature has been employed for both
plate thickness. Thus, it was aimed to find out the in-
fluence of plate thickness on weld speed at a constant
rotational rate of 1000 rev. min™!.

Experimental procedure. AA6061-T6 plates with
two different thicknesses, namely 3.0 and 6.2 mm,
were used in this study. In order to conduct the weld
trials, a welding fixture was designed and produced.
This fixture is needed to hold the work pieces to be
welded in a fixed position on CNC table throughout
the joining process. Figure 1 illustrates the designed
welding fixture, which was used in friction stir weld-
ing of the plates. Moreover, two FSW stirring tools
with different geometries and tip lengths (namely 2.8
and 6.0 mm) were purchased and used in the welding
of plates, Figure 2.
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Figure 1. The fixture designed and produced to be used in weld
trials and the welding procedure

The rotational rate, i.e. 1000 rev. min~!, used in the
FSW of the AA6061-T6 plates in this study is deter-
mined based on the reports existing in the literature
[32-39]. This rotational rate was chosen as it was re-
ported that defect-free joints produced at this rotation-
al rate by FSW for both AA6061 and AA7075 Al-al-
loys plates. Furthermore, two different weld speeds
were used for each plate thickness, namely 100 and
150 mm/min for the plate thickness of 3.0 mm and
50 and 75 mm/min for the plate thickness of 6.2 mm.
Thus, it was aimed to determine the optimum traverse
speed at the constant rotational rate of 1000 rev. min~!
for each plate thickness. A tilting of stirring tool was
used for both plate thickness, i.e., 0,7° for 3.0 mm
thick plates and 0.5° for 6.2 mm thick plates. The
weld parameters used were given in detail in Table 1.

A metallography specimen and three tensile test
specimens were extracted from each joint produced in
order to evaluate microstructural and hardness varia-
tions within the weld region and to determine tensile
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Figure 2. The FSW stirring tools used in this study (1 — pin
length is 2.8 mm and shoulder diameter is 10 mm; 2 — pin length
is 6.0 mm and shoulder diameter is 15 mm) [38]

Table 1. The weld parameters used for FSW of AA6061-T6 alloy
plates with two different thicknesses

i Should Rotational
Plate thick- _Ou er otationa Weld speed, | Tool tilting,
diameter rate, .
ness t, mm - mm/min deg
d, mm rev. min
3.0 10 1(5)8 0,7
1000 50
6.2 15 0,5
75

properties, i.e. weld performance values. Metallog-
raphy specimens were ground and polished and then
etched for 120 s using Keller’s reagent for microstruc-
tural investigations and microhardness measurements.
A detailed optical microscopy was conducted along
the cross-sections of the joints produced in order to
evaluate the microstructural alterations taking place
within the weld regions. Several macro- and micro-
graphs were taken from different regions of each joint
and used to correlate the microstructure and the me-
chanical properties of the joints. Thus, it was aimed
to determine the effect of weld speed on the micro-
structure and in turn on the mechanical behavior of
the joints. Vickers microhardness measurements were
conducted across the joint cross-sections using a load
0f200 g, loading time being 10 s. The geometry of the
tensile specimens tested was given in a previous pub-
lication [32]. All tensile tests were conducted using a
loading rate of 0,1 mm/min.

Results and discussion. Microstructural aspects.
Macrographs taken from the welded joints produced
(3.0 and 6.2 mm thick plates) are given in Figures 3,
4, respectively. As seen from Figure 3, both joints
produced on 3.0 mm thick plates using different weld
speeds, namely 100 and 150 mm/min, did not exhibit
any weld defects, such as porosity or tunnel-like void.
Similarly, all the joints produced on 6.2 mm thick
plates with different weld speeds (i.e., 50 and 75 mm/
min) also did not display any weld defects, Figure 4.
These results indicate that defect-free joints were
successfully produced for both plates with different
thickness using suitable tools and weld parameters.

Moreover, it was also clearly observed that the
weld regions of the joints obtained on thicker plates
were wider than those exhibited by the joints pro-
duced on thinner plates. These results were not sur-
prising since the shoulder and pin diameters of the
stirring tool used in FSW of thicker plates are larger.
These results also indicate that the rotational rate of
1000 rev. min~! can be used for both plate thicknesses.

The microstructures of both AA6061-T6 base plates
with two different thicknesses (i.e., 3.0 and 6.2 mm)
used in this study are shown in Figures 5, a and 6, a,
respectively. As seen from these micrographs, both base
plates exhibit a microstructure consisting of alpha grains
containing randomly distributed large particles which
are readily visible in optical microscopy. As reported in
earlier publications [33, 34], the particles randomly ori-
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Figure 3. Macrographs taken from the FSWed joints produced
on 3,0 mm thick plates using a rotational rate of 1000 rev. min™!:
a— 100 mm/min; b — 150 mm/min
ented in alpha matrix are script-like Fe,SiAl,, particles
and round Mg, Si particles. Alpha grains existing in the
microstructures of both base plates are coarse-grained
and no clear difference was observed in the alpha grain
size between the microstructures of the plates with dif-
ferent plate thicknesses. The microstructure of AA6061
alloy also contains very fine grained Mg,Si precipitates
homogeneously distributed within the alpha grains,
which result in strengthening in T6 temper condition of
this alloy. However, these strengthening precipitates are
extremely fine, so that they are not visible under optical
microscope, and even in scanning electron microscopy.
As clearly seen from Figure 5, grain refinement
took place within the dynamically recrystallized
zones (DXZs) of the joints produced on 3.0 mm thick
AA6061-T6 plates using two different weld speeds,
namely 100 and 150 mm/min. Moreover, it was also
observed that the joint obtained using slower weld
speed (i.e., 100 mm/min) exhibited coarser grains in the
microstructure of the DXZ (Figure 5, b) than those of
the joint produced at higher weld speed (i.e., 150 mm/
min), Figure 5, . This indicates that the extent of grain
refinement was lower in the joint obtained at slower
weld speed, which is attributed to the higher heat input
involved in this case leading to grain coarsening.
Similar results were also observed in the joints
obtained on thicker plates, i.e. 6.2 mm, using two
different weld speeds (namely 50 and 75 mm/min),
Figure 6. Grain refinement also occurred within the
DXZs of these joints as well and finer alpha grains
were observed in the microstructures of the DXZs
than those in the microstructure of the base plate.
When the grain sizes of the microstructures of these
joints are compared it can be seen that the joint pro-
duced at higher welding speed displayed finer grains
than those of the joint obtained at lower weld speed,
Figure 6, b, c. This result is again attributed to the
lower heat input involved in the case of higher weld
speed resulting in finer grains within the DXZ.
Furthermore, the extent of the grain refinement tak-
ing place in the DXZs of the joints produced on thin-
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Figure 4. Macrographs taken from the FSWed joints produced

on 6.2 mm thick plates using a rotational rate of 1000 rev. min™!:

a— 50 mm/min; b — 75 mm/min

ner plates (i.e., 3.0 mm) is higher than that occurring in
the DXZ of the joints obtained on thicker plates (i.e.,
6.2 mm). In other words, the grains in the DXZs of the
thinner joints are finer than those in DXZs of thicker
joints, Figures 5, 6. This is believed to be due to the
fact that heat input involved in FSW of thinner plates
are in general much lower than those involved in FSW
of thicker plates resulting from the use of larger stirring

Figure 5. Optical micrographs of 3.0 mm thick base plate and
DXZs of the joints produced on this plate: a — base plate; b —
DXZ of the joint produced using a weld speed of 100 mm/min;
¢ — DXZ of the joint produced using a weld speed of 150 mm/min
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tools for thicker plates, as well as lower cooling rates
involved in thicker plates after the welding.
Mechanical properties. Vickers microhardness
measurements (HV,,) were taken across the weld
cross-section from numerous locations on a line in the
mid-thickness of the welded joint using a load of 200
g in order to determine the hardness profiles of all the
joints produced in this study. Figure 7 illustrates the ob-
tained hardness profiles from both joints with different
plate thicknesses, namely 3.0 and 6.2 mm, produced
using different weld speeds. These hardness profiles
clearly indicate that a hardness loss took place in all
the joints. On the other hand, metallographic investi-
gations displayed that grain refinement occurred within

Figure 6. Optical micrographs of 6.2 mm thick base plate and
DXZs of the joints produced on this plate: a — base plate; b —
DXZ of the joint produced using a weld speed of 50 mm/min;
¢ — DXZ of the joint produced using a weld speed of 75 mm/min
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the weld nugget of all the joints, Figures 5, 6. It was
expected that this grain refinement would increase the
hardness in the weld region. However, the base plate
used in this study is in the artificially aged temper con-
dition (i.e., T6) and the strength in this temper condi-
tion originates mainly from very fine homogeneously
distributed strengthening precipitates within the alpha
grains. When this alloy is exposed to heat after ag-
ing, such as welding, dissolution or coarsening of the
strengthening precipitates takes place depending on the
level of temperature involved, thus resulting in a loss in
hardness. This hardness loss occurs both in heat affect-
ed zone (HAZ) and in the weld nugget. The reason of
the hardness loss in the weld nugget is the dissolution
of the strengthening precipitates whereas the hardness
loss in the HAZ is due to the coarsening of the precipi-
tates as a result of overaging [40].

The hardness minimum lies within the overaged
HAZ regions on both sides of the weld nugget since
hardness loss in the weld nugget is partly recovered by
the grain refinement taking place there, giving rise to a
W-shaped hardness profile (Figure 7). This type of hard-
ness profile is very typical of this alloy as the case in
fusion welding [5, 6, 20, 22, 23]. Moreover, a less sig-
nificant hardness loss in the weld region was displayed
by the joints produced at higher weld speeds than those
obtained at lower speeds for both plate thickness as seen
from Figure 7. This is attributed to lower heat inputs
involved in the welds conducted at higher weld speeds.

It was also observed that the joints produced on
6.2 mm thick plates exhibited a more significant hard-
ness loss within the weld region than the joints obtained
on thinner plates, particularly the joint procuded using a
weld speed of 50 mm/min, Figure 7, b. The lowest hard-
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Figure 7. Hardness profiles of the joints produced: a — 3.0 mm
thick joint; b — 6.2 mm thick joint
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Table 2. Tensile test results

' Weld speed, %02 proof | Tensile strength, . Proof stress Tensile strength Elongation
Specimen . Elongation, % performance, performance, performance,
mm/min stress, MPa MPa o
% % %
BM — 276" 310" 12% — — —
170; 161; 220; 220; 4.2;4.3;
FSWed joint 100 162 (164) 221 (220) 4.1 (4.2) 59 & 33
(3.0 mm) 178; 183; 224; 233; 4.5;4.2;
150 181 (181) 230 (229) 4.4 (4.4) 66 7 37
140; 146; 200; 211; 3.9;4.1;
FSWed joint 30 147 (144) 210 (207) 4.1 (4.0) 52 67 33
(6.2 mm) 148; 148; 211;210; 4.9;5.3;
75 150 (149) 212 (211) 4.6 (4.9) >4 68 4
Note. Average values are given in bold and parenthesis.
*These mechanical properties of the base plate are taken from the literature.

ness observed within the weld region of the 6.2 mm thick
joint produced at a welding speed of 50 mm/min was
about 60 HV, while the minimum hardness in the 3.0 mm
thick joints was 72 HV. This result is in good agreement
with the metallographic invsetigations which indicated a
more significant grain refinement within the weld nug-
get of the 3,0 mm thick joints than the joints produced
on thicker plates, Figures 5, 6. As discussed in the micro-
structural aspects section earlier, the reason for this is the
higher shoulder and tip dimeter of the stirring tool used
for joining thicker plates, thus leading to higher heat input
during welding, as well as lower cooling rates involved in
the thicker plates after joining. Moreover, the witdh of the
weld region where a hardness loss occurred is larger in the
case of the thick plate joints (approximately 15 mm wide,
Figure 7, b) than thin plate joints (being about 10 mm
wide, Figure 7, @). This result is also in good agreement
with the macrographs taken from the joints, Figures 3, 4.

The tensile test results of the joints are summa-
rized in Table 2. Three tensile test were conducted for
each joint and the average of these three test results
were calculated, and the average values calculated are
given in Table in bold and parenthesis. These aver-
age values were used in the calculations of the joint
performance values. Three joint performance values,
namely proof stress performance, tensile strength per-
formance and ductility performance, were determined
for all the joints produced. The minimum tensile prop-
erties were taken from the tensile data existing in the
literature for AA6061-T6 plates and used in the cal-
culation of performance values. Three performance
values were determined as explained below:

e proof stress performance (%) = (% 0.2 proof stress
of welded joint/% 0.2 proof stress of base plate) x100;

e tensile strength performance (%) = (tensile strength
of welded joint/tensile strength of base plate) x100;

e elongation performance (%) = (% elongation of
welded joint/% elongation of base plate) x100.

As seen from Table 2, high weld performance val-
ues (i.e., proof stress and tensile strength performance
values) have been obtained from all the joints pro-
duced on both plate thicknesses at a rotational rate of
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1000 rev. min~! using tools with different geometries

(Figure 2) and two different weld speeds. However,
the joint produced with higher weld speed at each
plate thickness exhibited higher weld strength perfor-
mance values. The maximum proof stress and tensile
strength performance values obtained from the spec-
imens extracted from the 3.0 mm thick joints were
displayed by the joint produced at a welding speed of
150 mm/min, which are 66 and 74 %, respectively.
On the other hand, the maximum strength perfor-
mance values were exhibited by the 6.2 mm thick joints
produced at a welding speed of 75 mm/min, which are
54 and 68 %, respectively. These values are lower than
those obtained from the 3.0 mm thick joints. These re-
sults are in good agreement with the hardness profiles of
the joints, Figure 7. As seen from Figure 7, the hardness
loss in the weld regions of the 6.2 mm thick joints were
more significant than those observed in the 3.0 mm thick
joints. Moreover, the ductility performance values ex-
hibited by all the joints are relatively low, ranging from
33 to 41 %. This can be attributed to the strength under-
matching in the weld region. Since the strength is much
lower within the weld region than that of the base plate
the elongation takes place only within the weld region
section of the transverse tensile test specimens and the
base plate sections do not yield (it is in the elastic region
throughout the test) and thus do not contribute to the
total elongation. In the case of strength undermatching
joints, the stress concentration and, thus, fracture take
place in the lower strength weld metal region (confined
plasticity), leading to an increase of constraint within
the weld region and, thus, significantly lower ductility
levels. This confined plasticity is also quite common in
fusion welded or diffusion bonded joints with a strength
undermatching weld region [20-26, 41, 42].

Conclusions

In this study, AA6061-T6 Al-alloy plates with two
different thicknesses, i.e., 3.0 and 6.2 mm, have been
successfully friction stir welded at a rotation rate of
1000 rev. min~!. The following conclusions have been
withdrawn from this experimental work:
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e it was observed that the tool geometry plays an
important role on the heat input the workpieces experi-
ence during FSW. The shoulder and tip diameters of the
tool used for FSW thicker plates are larger. Thus, the
total surface area of the tool is larger which in turn re-
sults in higher frictional heat. As a result of this, a high-
er heat input is applied to the workpieces to be welded,
leading to wider weld width in the thicker joints;

e a grain refinement was observed in the weld nug-
gets of all the joints produced due to dynamic recrys-
tallization. The grains in the weld nugget are finer in
general in thinner joints than those of the thicker joints
due to the lower heat input involved in FSW of thin-
ner plates. For each plate thickness, the joint produced
using higher weld speed exhibited finer grains due the
lower heat input involved at higher weld speeds;

e a more significant hardness decrease took place
within the weld regions of the thicker joints. This can
also be attributed to the higher heat inputs involved;

e due to the lower heat involved, the specimens
extracted from the thinner joints displayed in general
higher proof stress and tensile strength performances;

e on the other hand, ductility performances of all
the joints are low, the maximum value being 41 %.
This is not surprising since lower ductility levels are
obtained from the transverse tensile specimens ex-
tracted from the joints with strength undermatching
weld zone due to confined plasticity.
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