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In this research, 3-mm-thick AA3003-H18 non-heat-treatable aluminum alloy plates were joined by friction
stir welding (FSW). It was performed by adding pure Cu and premixed Cu-Al powders at various rota-
tional speeds of 800, 1000, and 1200 rpm and constant traveling speeds of 100 mm/min. At first, the powder
was filled into the gap (0.2 or 0.4 mm) between two aluminum alloy plates, and then the FSW process was
performed in two passes. The microstructure, mechanical properties, and formation of intermetallic
compounds were investigated in both cases of using pure Cu and premixed Al-Cu powders. The results of
using pure Cu and premixed Al-Cu powders were compared in the stir zone at various rotational speeds.
The copper particle distribution and formation of Al-Cu intermetallic compounds (Al2Cu and AlCu) in the
stir zone were desirable using premixed Al-Cu powder into the gap. The hardness values were significantly
increased by formation of Al-Cu intermetallic compounds in the stir zone and it was uniform throughout
the stir zone when premixed Al-Cu powder was used. Also, longitudinal tensile strength from the stir zone
was higher when premixed Al-Cu powder was used instead of pure Cu powder.
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1. Introduction

Friction stir welding (FSW) is a solid-state welding process
which is used for welding a wide variety of metallic materials,
especially for aluminum (Ref 1-3). Many kinds of non-
weldable aluminum alloys have been successfully joined by
FSW technique (Ref 4). In FSW process, cylindrical rotating
tool with a concentric pin and shoulder is slowly plunged into
the joint line between two pieces of plates (Ref 5-7).

Based on previous research, FSW process of both age-
hardened and non-heat-treatable wrought aluminum alloys
causes significant decrease in the mechanical properties of the
weld regions, particularly when non-heat-treatable alloys are
welded in the cold-worked condition (Ref 3, 8). This is due to
high heat generation of FSW process which leads to an
annealing heat treatment in the weld area. During annealing,
recovery and recrystallization occur. Both of these phenomena
eliminate the effects of strain hardening in the weld area (Ref 3,
9), and subsequently the dislocation density is reduced in the
stir zone, heat-affected zone (HAZ), and thermomechanical
affected zone (TMAZ) of the friction stir welds compared with
that in the base material. Mentioned mechanism is mostly true
for non-heat-treatable cold-worked aluminum alloys. For this
reason, the mechanical properties are significantly decreased in
the weld area (Ref 9-11).

It has been shown in some previous researches that the
mechanical properties of heat-treatable aluminum alloy joints
can be enhanced after FSW process with time because of
natural aging of the material after FSW (Ref 3, 12); but the
mechanical properties of non-heat-treatable alloys are not
changed with time after FSW because they are not precipitation
hardened (Ref 3, 13). Therefore, the heat input in FSW of
wrought non-heat-treatable aluminum alloys has an adverse
effect on their mechanical properties, specially hardness and
tensile strength in weld regions (Ref 2, 3, 13).

Since strength loss is usually related to annealing in work-
hardened alloys, minimizing the heat input should offer a way
of improving properties. However, this approach is limited by
the fact that the material being welded must be hot enough to
flow, and in the aluminum alloys, this temperature causes
softening. Several methods have been proposed to minimize the
heat input, such as use of lower rotational speed to travel speed
ratio, more efficient tool designs that require less energy to push
them through the weld and artificial cooling (water sprays,
welding underwater, backing plate, etc.) (Ref 9, 14-17). These
studies have shown that the above-mentioned measures are
more effective only on HAZ and TMAZ to reduce the heat
input and have no significant effect on the stir zone (Ref 18-21).
Accordingly, another approach is essential to strengthen the stir
zone in FSW of wrought non-heat-treatable aluminum alloys
such as AA3003-H18.

Dispersion of in situ intermetallic compounds in aluminum
matrix by adding metallic powders can be a practical approach
for improving the mechanical properties of the weld stir zone in
friction stir welding of non-heat-treatable aluminum alloys (Ref
5, 22, 23). Hsu et al. (Ref 5) successfully performed friction stir
processing (FSP) to produce ultrafine-grained Al-Al2Cu in situ
composite from Al-15Cu elemental powder mixtures. They
observed that the Al2Cu particles were distributed quite
homogeneously in the composite. Inada et al. (Ref 22) designed
the friction powder processing (FPP) to solve the mismatch at
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Fig. 1 Schematic of filling the powder into the gap between two aluminum alloy plates before FSW process

Fig. 2 Schematic of FSW process using powder and longitudinal tensile and microhardness tests position

Fig. 3 Optical microscope images of the stir zone obtained after two passes of FSW: (a) 800 rpm; (b) 1000 rpm; (c) 1200 rpm using only Cu
powder and (d) 800 rpm; (e) 1000 rpm; (f) 1200 rpm using premixed Al-Cu powder (travel speed: 100 mm/min)
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the interface between two sheets due to the lack of material in
the joint using similar (Al) and dissimilar (Cu) powders
between Al plates (Ref 22, 24). Another approach is the use of
a higher strength interlayer in FSW of AA6061 in order to
increase the strength in the stir zone.

The use of a dissimilar powder leads to the formation of
large clusters in Al matrix after FSW or FSP of aluminum
alloys by adding metal powder. To this end, it demands more
passes of FSW or FSP to achieve a homogeneous and uniform
distribution of particles in the microstructure of stir zone (Ref
25-28). Increasing the number of passes is not desirable
because of more recovery and recrystallization in the weld
regions (Ref 29). For this reason, the use of premixed Al-Cu
powder is proposed in the present research. In this regard, the
formation of Al-Cu intermetallics-reinforced compounds metal
matrix composites (MMCs) by powder metallurgy with Al and
Cu powders were reviewed in some previous research. The
in situ formation of Al2Cu, AlCu, Al2O3, CuO, and Cu2O in the
aluminum matrix was reported (Ref 30-32).

In the present work, AA3003-H18 alloy is used as the base
material which is generally non-heat-treatable. The commercial
3003 (Al-Mn series) aluminum alloy is widely used in the
container, automotive heat exchangers, packaging, and auto-
mobile industry (Ref 6, 13, 33-35). Due to strength loss in the
weld area during FSWof as-received AA3003-H18, copper can
be proposed to solve the problem. In situ intermetallic
compounds can be formed under ordinary heat input conditions
in the aluminum matrix and reinforce the stir zone (Ref 25, 36).
In this study, Cu and premixed Al-Cu powders are used to add
into the gap between the aluminum alloy plates. Microstructure
and mechanical performance of stir zone are studied. The effects
of rotational speed on microstructure and mechanical properties
are also examined.

2. Experimental Procedure

In this research, the as-received AA3003-H18 plates with
dimension of 100 mm9 50 mm9 3 mm were used as the base
materials. In order to investigate the effect of premixed Al-Cu
powder, Al powder ( £ 44 lm, 99.0% purity) and Cu powder
( £ 20 lm, 99.0% purity) were used. The alloying elements of
the studied aluminum plates were 0.94% Mn, 0.35% Fe, 0.22%
Si, and 0.06% Cu. At first, a gap of 0.2-mm width was selected
between the two AA3003-H18 plates. The mass of 0.4 g pure
copper powder with apparent density of 0.006 g/mm3 was filled
into the gap. In the following, 0.8 g premixed 50 wt.%
Al-50 wt.% Cu powder with the same apparent densities
(0.006 g/mm3) was pressed into the gap of 0.4-mm width
before the FSW process, as shown in Fig. 1.

Welding rotational tool was made from AISI H13 (hot work
tool steel) and heat-treated to have 50HRC hardness. It had a
shoulder diameter of 20 mm, a probe diameter of 5 mm and a
height of 2.8 mm. The constant traveling speed was 100 mm/
min. Also, various rotational speeds (800, 1000, and 1200 rpm)
were used to evaluate the microstructure and mechanical
properties of the stir zone after using Cu and premixed Cu-Al
powders. The rotational tool with respect to the workpiece
surface was tilted by 2.5� from the vertical axis in the weld.
FSW was performed at two passes that the second pass was in
the opposite direction to the first pass.

Fig. 4 SEM image of the particle dispersion in the stir zone with
100 mm/min and 1000 rpm using only Cu powder after two passes.
The marked elements were identified from EDS spectra

Fig. 5 Microstructure comparison of the stir zones with 100 mm/min and 1000 rpm after two passes using (a) only pure Cu and (b) premixed
Al-Cu powders
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The microstructure of stir zone was examined by optical
microscopy (OM) after polishing and etching of samples with
Keller�s reagent. It was used to study the dispersion of copper
particles, especially copper clusters in the stir zone. The
distribution of possible intermetallic compounds was examined
by scanning electron microscope (SEM). Also, energy-disper-
sive spectroscopy (EDS) was utilized to identify the phase
present in the specimens. Also, to determine the size of the
clusters and intermetallic compounds, Clemex image analyzer
software was used. The Vickers microhardness was performed
on the centerline of the cross section perpendicular to the
welding direction (see Fig. 2). Longitudinal tensile test spec-
imens were machined according to the ASTM-E8M standard
from the stir zone, as shown in Fig. 2 (Ref 37).

3. Results and Discussion

3.1 Microstructure

Figure 3 shows the effects of rotational speed on micro-
structure of the stir zones after adding both Cu (Fig 3a-c) and
premixed Al-Cu (Fig 3d-f) powders in FSW of AA3003-H18
plates. According to Fig. 3(d)-(f), the use of premixed Al-Cu
powder provides a more favorable effect on microstructure of

stir zone compared to the use of pure Cu powder, especially at
lower rotational speed (800 rpm). In other words, premixed
Al-Cu powder prevents the formation of large clusters in the stir
zone, and therefore uniform distribution of copper particles can
be observed. In contrast, using the pure Cu powder leads to
unfavorable microstructure at low rotational speed (800 rpm),
and the particles are not uniformly dispersed in the stir zone. In
addition, it causes the formation of large clusters. When
metallic powder (Cu or premixed Al-Cu) is pressed into the
gap, metallic contacts between neighboring particles occur and
it leads to cold welding and mechanical interlocking of
particles. In cases where pure copper powder is used, metallic
contacts into the gap occur between similar (copper) particles,
thus large clusters at low rotational speed are obtained. When
FSW is performed using premixed Al-Cu powder, most of the
metallic contacts or cold welding into the gap occur between
dissimilar particles (Al and Cu), and subsequently contacts
between the copper particles and neighboring of them are
minimized (Ref 38, 39). Since the base metal is aluminum, Cu
particles are surrounded by aluminum particles.

As mentioned in the literature, lower rotational speeds in
FSW of wrought non-heat-treatable aluminum alloys were
suggested because of low heat input and low recovery in weld
region. But applying low rotational speeds created unfavorable
microstructure in terms of copper particles and Al-Cu intermetallic

Fig. 6 Distributions of the copper cluster and intermetallic compound size in the stir zone at various rotational speeds and after two passes
using (a) only pure Cu and (b) premixed Al-Cu powders (travel speed: 100 mm/min)
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compound distribution (see Fig. 3a). Therefore, the use of
premixed Al-Cu powder is suggested at low rotational speeds to
achieve a homogeneous microstructure in FSW of these alloys
(see Fig. 3d).

As shown in Fig. 3(a)-(c), cluster sizes are significantly
reduced with the increasing rotational speed when only pure Cu
powder is used in the gap between two plates. On the other
hand, cluster sizes do not change significantly with rotational
speed when premixed Al-Cu powder is used and it is almost
constant with the increase of this parameter.

Figure 4 shows SEM image of stir zone with rotational
speed of 1000 rpm by adding only pure Cu powder after two
passes. As can be seen in Fig. 4, three regions with good
contrast can be observed in Cu particles and clusters. Also,
EDS is used for determining the phase and the analysis of its
composition in six points. According to Fig. 4, EDS spectrum
of center zone in Cu particles strongly suggests the existence of
pure copper. This means that the copper powder has not fully
reacted with aluminum matrix and remains as a cluster. It is
estimated that the phase is most likely to be AlCu in the inner
zone of Cu particles because of the Al/Cu atomic ratio (0.77-0.9).
The compound in the outer zone of Cu particles is probably
Al2Cu, the Al/Cu atomic ratio of which is in the range of 2.1-
2.6 (see Fig. 4). In various investigations, formation of AlCu
and Al2Cu intermetallic compounds have been reported after
FSW and/or FSP of aluminum alloys in the presence of copper
powder and also in FSW of copper plates to aluminum plates
(Ref 5, 22, 40-44).

The optical micrographs shown in Fig. 5 are presented at
higher magnification in order to compare the Al-Cu interme-
tallic compounds of the stir zones with 100 mm/min and 1000

rpm welding parameters after two passes using pure Cu powder
(Fig. 5a) and premixed Al-Cu (Fig. 5b) powder. As can be
seen, when premixed Al-Cu powder is used, the formation of
intermetallic compounds is more than that in the case where
pure Cu powder is used, and a small fraction of copper remains
as pure copper. As noted above, the cluster size is almost
constant and fine when premixed Al-Cu powder is used
compared with another case at various rotational speeds. When
the cluster size is larger, the activation energy (heat input) is
insufficient for transforming them to intermetallic compounds,
completely, so the central part of large clusters remains as pure
copper. While in the fine clusters, formation of Al-Cu in situ
intermetallic compounds occurs more easily, because sufficient
activation energy is available for transformation of fine copper
clusters to intermetallic compounds, completely.

Statistical distributions of the copper cluster and Al-Cu
intermetallic compound in stir zone at different rotational
speeds are shown in Fig. 6 after using Cu (a) and premixed
Al-Cu (b) powders. Clearly, it can be seen in Fig. 6(a) when
pure Cu is used in the gap, the size range of clusters and
intermetallic compounds is wide, while it is narrow throughout
the stir zone when premixed Al-Cu powder is used.

As can be seen in Fig. 6(a) which is related to the use of pure
Cu powder, the sizes of clusters and intermetallic compounds
are significantly decreased with the increasing rotational speed.
On the other hand, the sizes of clusters at various ranges are
close at all three rotational speeds (800, 1000, and 1200 rpm)
when premixed Al-Cu powder is used (Fig. 6b). As a result,
increasing the rotational speed leads to finer clusters and
intermetallic compounds in the corresponding samples of FSW
by pure Cu powder, while the use of premixed Al-Cu powder
leads to fine clusters and intermetallic compounds at all three
rotational speeds, and increasing the rotational speed does not
have a significant influence on them (according to Fig. 3d-f).

3.2 Mechanical Properties

Figure 7 shows the effect of different rotational speeds on
the stress-strain curves of the longitudinal tensile test specimens
FSWed after using both pure Cu (Fig. 6a) and premixed Al-Cu
(Fig. 6b) powders. Also, Fig. 8 describes the variations of
longitudinal tensile strengths (see Fig. 2) with respect to
rotational speeds after using both of Cu and premixed Al-Cu
powders. As shown in Fig. 8, generally, the strengths of
samples FSWed with pure copper powder are lower than those
FSWed with premixed Al-Cu powder. It can be explained
according to Figs. 3 and 5. The great fraction of Al-Cu in situ
intermetallic compounds is formed in the aluminum matrix of
stir zone, when premixed Al-Cu is used and a small fraction of
powder remains as pure copper, so it gives a high strength. But
in other case (pure Cu powder), high fraction of powder
remains as pure copper. In addition, nonuniform distribution
and large clusters lead to lower longitudinal tensile strengths
when pure Cu powder is used.

According to Fig. 7 and 8, the strengths of the specimens
increase with the increasing rotational speeds from 800 to 1000
rpm in both cases, but it is more when premixed Al-Cu powder
is used because high rotational speed can provide more heat
input to facilitate the formation of intermetallic compounds
(Ref 25). According to Fig. 8, with the increasing rotational
speed from 1000 rpm to 1200 rpm, the strength is slightly
decreased in both cases of using pure Cu and premixed Al-Cu
powders, despite the increase in intermetallic compounds

Fig. 7 Stress-strain curves of the longitudinal tensile test specimens
after using (a) only pure Cu and (b) premixed Al-Cu powders (travel
speed: 100 mm/min)
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fraction. This is due to grain growth due to high heat input at
1200 rpm in the stir zone which decreases the influence of
intermetallic compounds (Ref 3, 7, 45).

Figure 9 shows the microhardness profiles in the cross
section (in depth of 1.5 mm) of specimens at different
rotational speeds after using Cu (a) and premixed Al-Cu (b)
powders. As predicted, the average hardness values in the stir
zone are higher than those in the base metal due to the
formation of hard Al-Cu intermetallic compounds .

By comparing Fig. 9(a) and (b), it can be seen that the
hardness values at different rotational speeds are uniform in the
stir zone when premixed Al-Cu powder is used. On the other
hand, the use of pure Cu powder leads to nonuniform
distribution of hardness values in the stir zone, especially at
lower rotational speeds (800 and 1000 rpm). This is due to the
above-mentioned fact that premixed Al-Cu powder causes
uniform distribution and using the pure Cu powder leads to
unfavorable microstructure and nonuniform intermetallic com-
pound dispersion in the stir zone.

The hardness results have a good compatibility with
longitudinal tensile strengths in the stir zone mentioned above.

4. Conclusions

Microstructure and mechanical properties of stir zone for
FSWed AA3003-H18 joints were evaluated by adding pure Cu

Fig. 8 The effect of rotational speed on the strength of longitudinal
tension test specimens from the stir zone using pure Cu and pre-
mixed Al-Cu powders (travel speed: 100 mm/min)

Fig. 9 Hardness distribution in cross section at various rotational speeds after two passes using (a) only pure Cu and (b) premixed Al-Cu pow-
ders (travel speed: 100 mm/min)
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and premixed Al-Cu powder into the gap between two plates.
Following conclusions can be drawn from the present study:

1. The use of premixed Al-Cu powder provides a micro-
structure with uniform distribution of copper particles
and Al-Cu intermetallic compounds throughout the stir
zone at different rotational speeds. But the use of pure
Cu powder leads to the formation of large copper clusters
in the stir zone that it is more noticeable at low rotational
speeds.

2. In the case of using premixed Al-Cu powder, formation
of Al-Cu intermetallic compounds is more than that in
the case with using pure Cu powder.

3. Increasing the rotational speed dramatically reduces the
copper cluster size when pure Cu powder is used. But
increasing the rotational speed does not cause a signifi-
cant change in cluster size when premixed Al-Cu powder
is used and a microstructure with finer cluster is achieved
at various rotational speeds.

4. When premixed Al-Cu powder is used, longitudinal ten-
sile strength of samples from the stir zone is higher than
that in the case using pure Cu powder. Longitudinal ten-
sile strength is increased with the increasing rotational
speed from 800 to 1000 rpm in both cases (using of pure
Cu and premixed Al-Cu powders).

5. The hardness values in the stir zone of the joints are uni-
formly distributed when premixed Al-Cu powder is used
at various rotational speeds due to better dispersion of
in situ intermetallic compounds compared with that in
the case using of pure Cu powder.
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