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Abstract: The non-heat-treatable AA3003-H18 plates were joined by friction stir welding (FSW) to achieve a proper joint by
optimizing the welding parameters. For this purpose, the effects of heat input on microstructure and mechanical properties of the
welded samples were investigated by changing the ratios of rotational speed (800—1200 r/min) to travel speed (40—100 mm/min)
(w/v). It was revealed that the grain growth rate was strongly increased with the increase of the heat input by rotational speed at
constant travel speed, while the grain growth rate was slightly increased with the increase of the heat input by travel speed at constant
rotational speed. Subsequently, hardness reduction was observed in the stir zone at higher rotational speed compared with that at
lower one. An interesting observation was that various welding parameters do not have noticeable effect on the tensile strength of the
FSW joints. Also, it has been observed that the fracture location of tensile test specimens was placed in the heat-affected zone (HAZ)
on the advancing side at lower travel speed, while at higher travel speed, it was placed at the HAZ/thermomechanical affected zone

(TMAZ) interface on the retreating side.
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1 Introduction

The most important process for the joining of
aluminum alloys was the friction stir welding (FSW) that
was developed within the last decade of the twentieth
century as a solid-state joining technique at TWI in the
UK in 1991 [1,2] FSW was initially applied to
aluminum alloys and later, it was used for the welding of
a wide variety of metallic materials such as copper and
steel [3,4]. However, this process has been carried out on
aluminum more than other metals and consequently,
many researches have been done on this topic. Previous
studies showed that during FSW of wrought aluminum
alloys, the strength and hardness of the weld area were
significantly reduced compared with those of base
metal [3—7]. It is due to the high heat generation caused
by friction and severe plastic deformation during FSW
process [4,8,9]. Heat input of this welding process causes
an annealing heat treatment in the weld area such as
heat-affected zone (HAZ), thermomechanical affected
zone (TMAZ) and stir zone (SZ). Phenomena that occur
during annealing of these alloys include recovery and
recrystallization [3,4,10,11]. Both of these phenomena
eliminate the effects of strain hardening in the weld area

and the dislocation density is reduced in the stir zone,
HAZ and TMAZ of the friction stir welds compared with
that in the base material [10,12,13]. Studies have shown
that the reduction of dislocation density leads to the
decrease of hardness and tensile strength in the weld
region [14,15]. Unlike non-heat-treatable alloys, the
mechanical properties of heat-treatable aluminum alloys
can be changed with time since they can be naturally
age-hardened after friction stir welding [10,14,16]. In
this class of alloys, FSW initially decreases the hardness
of the stir zone in comparison with that of the base
material. The strength and hardness of the weld zone
regions can be improved with time due to the natural
ageing of the material [14,17]. But the mechanical
properties of non-heat-treatable alloys are not changed
with time after FSW, because they are non-
precipitation-hardening. Therefore, it can be mentioned
that, friction stir welding of wrought non-heat-treatable
aluminum alloys has an adverse effect on their
mechanical properties such as hardness and tensile
strength caused by the heat input in weld regions (HAZ,
TMAZ and stir zone) [3—5].

According to the above analyses, the heat input
causes annealing and leads to a drop in hardness and
strength in these materials. In this case the, reduction of
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mechanical properties in the weld zone can be avoided
by controlling of heat input during FSW. One of the
effective methods that have been proposed to control and
minimize the heat input is the reduction of the ratio of
rotational speed to travel speed (w/v) or use of higher
travel speeds and/or lower rotation speeds, because there
is a direct correlation between the heat input and w/v
ratio [3,18—20]. The lower heat input can be achieved by
decreasing the rotational speed (w) and increasing the
travel speed (v) [13,20]. On the other hand, the heat input
is necessary to create a sound friction stir weld and this
value cannot be too small; because the possibility of
microstructural defects is increased due to insufficient
heat input for appropriate material flow in stir
zone [21-23]. Thus, it should be an optimal value.

The commercial 3003 (Al-Mn series) aluminum
alloy is widely used in the container, automotive heat
exchangers, packaging, and automobile industry due to
its  higher strength, corrosion resistance and
formability [24—28]. This alloy is not heat-treatable,
generally, and it is well known that the only way to
improve the strength of such alloys is strain hardening
through cold working [4,26]. Friction stir welding of
as-received AA3003-HI8 plate leads to reduction in
hardness and strength of the weld zone due to the heat
input of FSW. In 3003 aluminum alloy, the phenomenon
of grain growth during heat treatment is severe compared
with others and it is undesirable for mechanical
properties [29]. Therefore, control of heat input in the
major applications is very important in FSW of
AA3003-H18 plate and efforts to achieve the optimum
rotational and travel speeds and/or the optimum ratio of
rotational speed to travel speed (w/v) are necessary.

In the present work, 3 mm thick AA3003-H18
plates were used as the base material. The as-received
plates were FSWed at the various rotational and travel
speeds. The mechanical properties and microstructures of
FSWed specimens were investigated and the influences
of different rotational and travel speeds (or different w/v
values) were discussed.

2 Experimental

The initial materials were as-received AA3003-H18

plate with dimensions of 100 mm % 50 mm % 3 mm. The
chemical composition of the alloy is shown in Table 1.

Table 1 Chemical composition of AA3003-H18 sheet (mass
fraction, %)
Cu Si Fe Mn Al

0.065 0.222 0.353 0.944 Bal.

The welding tool was machined from H13 tool-steel
and heat-treated to have hardness of HRC 50. A tool with
a shoulder diameter of 20 mm was used to produce all of
the welds discussed here and also the probe had a
diameter of 5 mm and a height of 2.8 mm. The angle of
tool tilt with respect to the workpiece surface was 2.5°
from the vertical axis in the weld. The rotation speed
range was from 800 to 1200 r/min and the traveling
speed range was from 40 to 100 mm/min. The specimens
were constrained by fixture during FSW process to
prevent their movement.

In order to investigate the mechanical behavior of
FSWed specimens, transverse tensile and microhardness
profiles tests were carried out. The transverse tensile test
specimens were prepared according to the ASTM-ESM
standard that the stir zone was located in the center of
gage length. The specimens for tensile test were prepared
by cutting perpendicular to the welding direction. The
microhardness of the centerline of the cross-section at a
depth of 1.5 mm from the surface was measured using
Vickers microhardness equipment with a load of 100 g
for 15 s. The schematic diagram of FSW process and the
position of microhardness and transverse tensile tests are
shown in Figs. 1 and 2, respectively.

The microstructure was observed after polishing
and electroetching by 3 mL HBF, + 100 mL distilled

S
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Fig. 1 Schematic illustration of FSW process

Location of microhardness
tests in cross-section

Fig. 2 Schematic diagram of transverse tensile and microhardness tests position
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water at voltage of 20 V for 60 s. The microstructures of
various regions of the joints were observed by optical
microscopy (OM).

3 Results and discussion

3.1 Microstructure

Visual examination of the welded joints at various
rotational and travel speeds show that the weld surface is
dramatically influenced by rotational speed to travel
speed (w/v) ratio. The increase of w/v value considerably
makes a smooth and defect free weld on the surface. The
large welding heat input due to high w/v can cause a
decent material flow throughout of the weld area.
Therefore, increasing the speeds ratios (w/v), from 8 to
30, makes a welding with high quality and good weld
surface.

The cross-sections of the welded joints under
various welding parameters were observed. Neither
cracks nor porosity were visible, indicating a good
quality of the joints. The optical microscope images of
stir zone at various welding parameters are shown in
Fig. 3. Microstructures show fine equiaxed grains under
every FSW conditions in the stir zone. As can be seen in
Fig. 3, the grain size in the stir zone increases with
increasing the rotational speed at a constant travel speed.
At higher rotational speed, the heat input is greater, due
to the correlation between heat input and w/v ratio that

was described in the literature. Thus, with increasing w/v
ratio by the rotational speed, the heat input is increased
and subsequently, the grain growth strongly occurs
after recrystallization. Similar results have been
obtained for FSW of aluminum alloys by other
researchers [13,30,31].

According to the correlation between w/v and heat
input, the heat input is lower at higher travel speed. It is
expected that the smaller grain size is achieved with
increasing the travel speed in the stir zone of welds. But
it can hardly be seen in Fig. 3. According to Figs. 3
(a)—(c), (d)—(f) and (g)—(i) with rotational speeds at
800 r/min, 1000 r/min and 1200 r/min, respectively,
with increasing the travel speed from 40 mm/min to
100 mm/min, the grain size is slightly changed. The
average grain size of the stir zone provided in Table 2
confirms this statement. Also, Fig. 4 shows the variations
of grain size of the stir zone versus the rotational speed.
It should be noted that all images in Fig. 4 are taken from
the advancing side of joints at a depth of 1.5 mm and a
distance of 12 mm from the weld center. As can be seen,
the grain size range varies (7.8-22 um) with the
rotational speed and the smallest and largest grain size is
related to specimens with the lowest and highest w/v,
respectively. It is clearly understood from Fig. 4 that
decreasing travel speed has little effect on the grain
growth. In fact, the increase in travel speed leads to the
fast moving heat source and heat generation because

Fig. 3 Optical microscope images of stir zone at different rotational (w) and travel speeds (v): (a) 800 r/min, 40 mm/min;
(b) 800 r/min, 70 mm/min; (¢) 800 r/min, 100 mm/min; (d) 1000 r/min, 40 mm/min; (e¢) 1000 r/min, 70 mm/min; (f) 1000 r/min,
100 mm/min; (g) 1200 r/min, 40 mm/min; (h) 1200 r/min, 70 mm/min; (i) 1200 r/min, 100 mm/min
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Table 2 Average grain size values of stir zone welded at
various welding parameters

Average grain size/pum

40 mm/min 70 mm/min 100 mm/min

Rotational
speed/(r'min ")

800 13.6 13.6 7.8
1000 16.7 16 15.8
1200 22 20.7 21
25
Travel speed
40 mm/min
21t [T 70 mm/min —

1100 mm/min

17}
5
800 1000 1200

Rotation speed/(r-min™")

Grain size/pm

O

Fig. 4 Effect of rotational speed on grain size of stir zone

friction and deformation have relatively less retention
time to conduct around. Consequently, the heat is not
focused in the stir zone and grain growth occurs slightly.

The microstructure images of HAZ at various
welding parameters are shown in Fig. 5. Comparison of
Fig. 3 with Fig. 5 indicates that all the stir zones clearly
show finer grains than the heat-affected zones. It is due
to severe plastic deformation and high temperature,
leading to dynamic recrystallization. The relationship
between microstructure of the HAZ and welding
parameters (heat input or w/v value) is strongly similar to
those in the stir zone. The average grain size of the HAZ
given in Table 3 confirms this statement and its range is
from 20.4 pm to 41.7 um. Also, Fig. 6 shows the
variations of grain size in the HAZ as a function of
rotational speed. According to these experimental results,
it can be said that the grain size is influenced by the
rotational speed and the reduction of travel speed has no
effect on grain growth.

3.2 Mechanical properties

The mechanical properties of the base metal are
shown in Table 4. Tensile properties of friction stir
welded joints were measured by performing tensile tests
on transverse tensile samples containing weld zone at the
center. Figure 7 shows the stress—strain curves for base
material (Fig. 7(a)) and friction stir welded joints at
various welding parameters. The results of the tensile
tests are shown in Table 5. These results include tensile
strength and fracture locations of the joints under tension

Fig. 5 Optical microscope images of HAZ at various rotational (w) and travel speeds (v): (a) 800 r/min, 40 mm/min;

(b) 800 r/min, 70 mm/min; (¢) 800 r/min, 100 mm/min; (d) 1000 r/min, 40 mm/min; (e¢) 1000 r/min, 70 mm/min; (f) 1000 r/min,
100 mm/min; (g) 1200 r/min, 40 mm/min; (h) 1200 r/min, 70 mm/min; (i) 1200 r/min, 100 mm/min
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Table 3 Average grain size values of HAZ at various welding
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Table 4 Mechanical properties of wrought base metal
(AA3003-H18)

parameters
Rotational Average grain size/pm
speed/(rmin") 40 mm/min 70 mm/min 100 mm/min
800 23.0 22.8 20.4
1000 33.3 26.3 28.7
1200 41.7 36.6 26.5
45
Travel speed
40+ 40 mm/min
1 70 mm/min
£ 35f 1100 mm/min
=,
3
‘% 301
£
]
O 25+
20+
0
800 1000 1200

Rotaion speed/(r+min")

Fig. 6 Effect of rotational speed on grain size of heat-affected
zone
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with various welding parameters. As can be seen in
Figs. 7(b)—(d), the welding parameters do not have
noticeable effect on the tensile strength of the FSW joints.
In other words, there is not much difference between the
values obtained for tensile strength of specimens and
these are very insensitive to the welding parameters.
Differences are very slight and cannot be considered
conclusive. One of the previous work [4] described that
the tensile strength values of non-heat-treatable alloys
are relatively insensitive to the welding parameters (so
long as no weld defects are generated). According to
Fig. 7, large increase in tensile elongation of the welded
specimens is observed in comparison with that of base
metal due to annealing or thermal softening [3,4]. At low
travel speed, high heat generation causes higher
annealing temperature and increases the elongation [31].
This is the reason for the increase in elongation, as
shown in Fig. 8.

140

120

100 -

80T

Stress/MPa

80y | — 40 mm/min 21
2 — 700 mm/min
40 3 — 100 mm/min
20
0 005 010 015 020 025
Strain
1201
100}
80}
o1
(=W}
% 60 1 — 40 mm/min
2 2 — 700 mm/min 3
% 3 — 100 mm/min
40t
20
201
07005 010 015 020 025 030
Strain

Fig. 7 Stress—strain curves of tensile specimens for base metal (a) and friction stir welded joints of AA3003-H18 at various traveling
speeds with constant rotational speed of 800 r/min (b), 1000 r/min (c) and 1200 r/min (d)
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Table S Summary of tensile test results of specimens after FSW

Rotational Fracture
o 1(()11/1a Travel speed/ Tensile locations of
spee _

P . 1 (mmmin')  strength/MPa ..

(rmin ) joints

800 40 109.7 HAZ
HAZ/TMAZ
800 70 112 i
interface
HAZ/TMAZ
800 100 114.4 .
interface
1000 40 107 HAZ
1000 70 111 HAZ
HAZ/TMAZ
1000 100 116 .
interface
1200 40 110.2 HAZ
1200 70 109.4 HAZ
HAZ/TMAZ
1200 100 108 .
interface
29
27+ ¢+ — 800 r/min
= — 1000 r/min
25+ 4 — 1200 r/min
ES
& 23f
s
1
5 21F
m
191
17¢
15 . . .
30 50 70 90 110

Traveling speed/(mm-min")

Fig. 8 Effect of traveling speed on elongation

In general, the fracture of defect-free sound welded
joints during tensile test takes place from minimum
hardness region [31]. It is revealed that the fracture
location of welds under tension tests depends on the
welding parameters (Fig. 9). As can be seen in Fig. 9,
generally, increase in heat input due to decreasing travel
speed makes the samples fracture at HAZ/TMAZ

interface (within weld zone). So that in all cases with low
travel speed (40 mm/min), the fracture location under
tensile test is placed in the HAZ. While, in all cases with
high travel speed (100 mm/min), it is placed within weld
zone or at HAZ/TMAZ interface. As mentioned in
Section 3.1, the amount of heat supplied to the deforming
material in weld area is greater at lower travel speed
(high w/v value); thus wider areas are affected by the
heat input and softened [31]. As a result, the wider area is
annealed, leading to thermal softening and loss of
strength. Close results were reported by SHARMA
et al [31] about fracture locations.

Another issue that is clearly observed in Fig. 9 is the
dependence of the failure side on welding parameters. In
samples with low travel speed (high heat input), the
failure side is placed on the advancing side, while in
samples with high travel speed (low heat input), the
failure side is placed on the retreating side and within
weld zone. It can be explained by considering the
sources of heat generation in FSW process. Generally,
heat generation takes place in two ways in FSW: one is
the friction between the rotational tool and the workpiece,
and the other is plastic deformation. Both of them occur
during FSW process. It has been reported that the heat
generation caused by friction is higher on the advancing
side compared with the retreating side, because of the
same direction of rotational and travel speed on the
advancing side [5,13]. On the other hand, the heat
generation caused by the plastic strain is higher on the
retreating side compared with that on the advancing side.
It can be attributed to the asymmetrical distribution of
plastic strains, because the severe plastic deformation is
much smaller on the advancing side than that on the
retreating side [ 31-34 ]. According to the above-
mentioned results, in samples with lower travel speed,
heat generation caused by friction is probably more than
that generated by plastic deformation. As a result, grain
growth and thermal softening in the HAZ on the
advancing side is more than that on the retreating side
one, corresponding to fracture locations in the HAZ on
the advancing. But in samples with higher travel speed,

[ W T W D 1 2.3 a4

i o o i . o liijiiiu‘ljiii

I
6 7 8 o 100 1 2.3 4 5 6 7 8 98 10

Fig. 9 Macro images of fractured transverse tensile specimens after FSW process at various rotational (w) and travel speeds (v):
(a) 800 1/ min, 40 mm/min; (b) 800 r/mim, 70 mm/min; (c) 800 r/min, 100 mm/min; (d) 1000 r/min, 40 mm/min; (e) 1000 r/min,
70 mm/min; (f) 1000 r/min, 100 mm/min; (g) 1200 r/min, 40 mm/min; (h) 1200 r/min, 70 mm/min; (i) 1200 r/min, 100 mm/min
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heating due to the plastic strain is probably dominated,
thus it leads to fracture in the weld zone on the retreating
side.

Figure 10 shows the hardness distribution in the
cross-section (in depth of 1.5 mm) of the welded
specimens with different parameters. As it is expected,
the hardness has reduction in different regions of the
weld (stir zone, TMAZ and HAZ) compared with that of

Base
metal
60 @ : ; .
Retreating | 1 Advancing
501 side E : side
§ \ 1 !
L 40 !
3 \
£ 30 :
s ¥ i
= ) |
8 "’ H :
8 207 gAz  |=40mm/min |
= 1== 70 mm/min !
L 1 == 100 mm/min'!
10 ! |
0 T

=20 -15 -10 -5 0 5 10 15 20
Distance from center/mm

60
(b) Retreating

side

Advancing
50 side

40

30

== 40 mm/min E
1= 70 mm/min |
1== 100 mm/min !

201

Microhardness (HV)

10+ i

20 -15 -10 -5 0 5 10 15 20
Distance from center/mm

1<

60
(¢) Retreating
side

E Advancing
50t E

side

40

30F

20t == 40 mm/min |
l== 70 mm/min E

Microhardness (HV)

1ok = 100 mm/min

Q20 -15 -10 -5 0 5 10 15 20

Distance from center/mm
Fig. 10 Hardness distributions in cross-section after FSW at
different rotational speeds: (a) 800 r/min; (b) 1000 r/min;
(c) 1200 t/min

the base metal, which is 42% (HV 27), depending on
welding parameters. As can be seen in Fig. 10, the
hardness values in the stir zone are identical at various
travel speeds and constant rotational speed (800, 1000
and 1200 r/min). This is consistent with the results of the
microstructure that is mentioned in Fig. 3.

According to Fig. 10, widening of HAZ at low
travel speed is quite evident. For example, it can be seen
in Fig. 10(a) that with increasing the heat input due to the
decreasing of travel speed, the extent of area with low
hardness (or HAZ) is dramatically increased. So, with
decreasing the travel speed from 100 mm/min to
40 mm/min, the HAZ is almost doubled. In Fig. 11, the
effect of rotational speed on the hardness values in the
stir zone and HAZ is shown. Each point of the curve is
the average of six points of hardness. As can be seen, in
both zones, the hardness is reduced with increasing
rotational speed and constant travel speed. This can be
attributed to the grain growth at high rotational speeds or
high w/v value (see Figs. 3 and 5).

35t
>
<
2 331
2
=
=
5] 31} + — 40 mm/min
2 = — 70 mm/min
= 0l 4 — 100 mm/min
27 : - : : '
700 800 900 1000 1100 1200 1300
Rotational speed/(r-min")
37
(b)
_35¢
>
<
2 331
[}
=
=
£ 31}
S ¢ — 40 mm/min
= = — 70 mm/min
29+ 4+ — 100 mm/min

27 L L L 1 1
700 800 900 1000 1100 1200 1300

Rotational speed/(r-min")

Fig. 11 Microhardness variations as function of rotational
speeds in stir zone (a) and HAZ (b)

4 Conclusions

1) The average grain size increases with increasing
the heat input (or w/v value) in both the stir zone and
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HAZ. But the grain growth is mainly influenced by
increasing of rotational speed and decreasing of travel
speed.

2) It is found from the fracture locations of tensile
test specimens and microhardness measurements that the
HAZ becomes wider with decreasing of travel speed.

3) The fracture locations and side of fracture are
strongly dependent on the welding parameters, so that it
is placed in the HAZ on the advancing side at low travel
speed and in the HAZ/TMAZ interface on the retreating
side at high travel speed.

4) The results show that the decreasing of traveling
speed (or increase the heat input) in constant rotational
speed increases the elongation of welded specimens.
Also, the tensile strength values are insensitive to the
welding parameters (o and v).

5) Increase in rotation speed reduces the hardness in
the stir zone, while the change of travel speed does not
have a substantial effect on the hardness of stir zone.
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A N TR R EE1E IR AA3003-H18 Hi#4
FRLAZAFN S RE R 22

B. ABNAR, M. KAZEMINEZHAD, A. H. KOKABI

Department of Materials Science and Engineering, Sharif University of Technology, Azadi Avenue, Tehran, Iran

i OB B RS S, RSE B AT B PR L A3003-H18 & 4R TR LIRS & i k.
T R 54 (800~1200 1/min) FIAT HEHJE(40~100 mm/min) (cw/v), WFFEHRAN G IR B i S S 23RN T 22 R 1Y
. RRN, WA S, PRI, R IR N, RS AT R, BRI N, (H
AR M AT I . SAREHAA LY, A S BRI I AR L o TN [ 2 IO B Sk P A it 2 11 52 i)
AN EARATHER T, S APRE S W 2407 B AE AT I AGE M X (HAZ) s T E ST MR, Wi B Js
1B HAZ/TMAZ Fifi
KRR AA3003-HI8 &4x; PiREPEHUE; MmN, BMAL: Jtae
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