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Abstract In-situ AI-Cu intermetallic metal matrix com-
posites (MMCs) surface layer has been fabricated on an A
1050-H24 aluminum plate by friction stir processing (FSP).
Pure Cu powder of 5 um in size was packed into a groove
cut on the aluminum plate and covered with an aluminum
sheet. A FSP tool of square probe shape, rotated at a rate
of 750-1500rpm, was plunged into the plate through the
cover sheet and the groove and moved along the groove at
traveling speed of 0.83 and 1.66 mm/s. Double and triple
passes were applied. After the surface MMCs were fab-
ricated on the Al plate, the type and homogeneity of the
distributed particles inside the Al matrix have been evaluated
from the macro-/microstructure and hardness distribution.
As a result, it was found that the copper particles reacted
with the aluminum matrix at almost all the processing condi-
tions even during the first pass. Also, at a traveling speed of
1.66 mm/s, most of the resulted intermetallics were CuAl, at
a rotation speed of 750 rpm, while the Cu-rich intermetallics
(Al-Cu and Al4Cug) appeared at rotation speeds of 1000 and
1500 rpm. Moreover, when the traveling speed was decreased
to 0.83 mm/s, the amounts of the resulted intermetallics were
increased. At a rotation and traveling speeds of 750 rpm and
0.83 mm/s, respectively, the nugget zone matrix consisted
of nano-sized CuAl, intermetallics distributed in aluminum
which increase the hardness to almost five times of the alu-
minum matrix adjacent to the nugget zone.
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1 Introduction

Surface metal matrix composites (SMMCs) exhibit a unified
combination of high tribological properties of the surface and
high toughness of the interior bulk metal when compared
to both metal matrix composites (MMCs) and monolithic
materials. Selecting reinforcement remains one of the most
critical factors in realizing the best properties from the resul-
tant SMMCs [1,2]. On the other hand, it is widely recognized
that the mechanical properties of metal matrix composites
(MMCs) are controlled by the type, size and volume frac-
tion of the reinforcement phase(s), and the nature of the
matrix-reinforcement interface. Superior mechanical prop-
erties can be achieved when fine, thermally stable and hard
reinforcement(s) with good and clean interfacial bonding are
dispersed uniformly in the metal matrix. As suggested by
several authors [3—5], such characteristics can be obtained
when the reinforcements are formed inside the matrix during
MMCs fabrication, i.e., in-situ intermetallics [3-5].

In-situ intermetallic compounds provide a new family
of reinforcement phases (CuAl,, TiAlz, FeAls, etc.) which
posses high specific strength, high specific modulus and
excellent wear properties at both ambient and elevated tem-
peratures. These reinforcements are formed in the matrix by
reaction of the added element(s) with each other or with the
matrix, so the resulted dispersed particles can be expected to
be thermally stable and have strong interfacial bonding with
the matrix [5—10]. Copper is one of the ideal elements to be
added to aluminum for cladding applications due to its low
cost and high wear resistance of the Al-Cu intermetallics
[5,6]. It was reported by Dubourg et al. [5,6] that the AI-Cu
intermetallic layer was fabricated by pre-placing the copper
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powder on the aluminum surface and then heated beyond the
melting point of the substrate by high-energy laser beam. The
resulted surface layer showed high hardness and good wear
resistance [5,6]. It must be pointed out, however, that the
high-temperature surfacing techniques are often accompa-
nied with fusion and solidification of the surface layer which
causes some metallurgical defects such as porosity, cluster-
ing and hot cracks. Furthermore, the refining effect of the
dispersed particles and the matrix microstructure is limited
[11-14]. Considering these problems, friction stir processing
(FSP) seems to be a good candidate for successful fabrication
of intermetallics—SMMCs on the Al plate [1].

Friction stir processing (FSP) is a microstructure modi-
fication technique developed by Mishra and Mahoney [15]
based on the concept of friction stir welding, but its goal is
different [15,16]. A non-consumable rotating tool consist-
ing of a shoulder and a probe is plunged into a single piece
of material and provides frictional heating and mechanical
mixing in the area covered by the tool [1,15]. It is consid-
ered that SMMCs are one of the latest applications of FSP
[16,17]. The stirring action and frictional heat generated by
the FSP tool can be used to distribute the hard particles as
reinforcement on the surface of light metals like aluminum
and magnesium [16,17].

Recently, some researchers [18-21] reported the success-
ful fabrication of in-situ intermetallic-reinforced aluminum
matrix from elemental powder mixtures of Al-Cu, Al-Ti
and Al-Fe by FSP. That is, billets of powder mixtures were
firstly prepared by the use of conventional press and sinter
route. The sintered billets were then subjected to multiple
passes of FSP until the reaction between the powders mix-
ture completed. For example, Hsu et al. [18-20] detected the
formation of CuAl, intermetallic compound from the pow-
der mixture of Al-Cu and the Al3Ti intermetallic compound
from the powder mixture of Al-Ti.

In this work, we will present the feasibility to fabricate a
thick layer of Al-Cu intermetallic SMMCs in the order of
millimeters on aluminum alloy surface by taking advantages
of particles dispersion, heat generation and stirring effect of
the FSP.

2 Experimental Work

Commercially pure aluminum Al-1050-H24 plates of 5 mm
thickness were used as the base material. A tool of steel
SKD61 with a shoulder of 14mm diameter and a square
probe of 5 mm diagonal length and 3.3 mm height was used to
perform the FSP. The average particle diameter of the pure
copper powder used as reinforcement was 5 pm as shown
in Fig. 1. The copper powders were packed in a groove of
3mm width and 1.5 mm depth cut on the Al plate. The tool
was rotated at a rate ranging from 750 to 1500 rpm and trav-
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Fig. 1 SEM micrograph of as-received Cu powder

eled at a speed of 0.83 and 1.66 mm/s with a tilt angle of 3°.
Double and triple passes were applied in order to improve the
homogeneity of the reinforcement particle distribution. In the
second pass, the tool was traveled along the same line as the
first and third ones but in the opposite direction. This means
that the advancing side of the first and third passes became
the retreating side in the second pass. Macro- and microstruc-
ture observations were performed on the cross section of
the FSP specimens. Scanning electron microscope (SEM,
ELIONIX, ERA-8800FE) was used to study the distribution
of reinforcement particles. The microhardness was measured
with AKASHI Model Vickers hardness tester at 200 g load
applied for 15s through the mid-plane of the cross section
of the nugget of each condition. The hardness distribution
was measured along three parallel lines that were 1-2mm
deep from the upper surface and separated by a distance of
0.5mm. The interval between the indentations on the same
line was 0.75mm. All measured data along the three lines
were collected and averaged for each condition. The nugget
zones produced by FSP triple passes were analyzed by X-ray
diffractometer (XRD, D 8 Discover with GADDS system,
35kv, 80mA, MoKe radiation) to identify experimentally
the phases that were present inside the FSP nugget zone.
Three point bending test was carried out at room tempera-
tures under a bending angle of 90° for the face and side of the
FSP nugget zone fabricated at a rotation speed of 750 rpm and
traveling speeds of 0.83 and 1.66 mm/s, to check the ductility
of the formed surface layer.

3 Results and Discussion
3.1 Surface Layer Properties After First Pass

Macroscopic appearances of the cross sections of the nugget
zones produced by the first pass at a traveling speed of
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Fig. 2 Macrographs of the
nugget zone cross sections
produced by FSP first pass at a
traveling speed of 1.66 mm/s
and following rotation speeds: a
750rpm, b 1000 rpm and ¢

1500 rpm. (Advancing side in
the left side)

Cu clusters

Cu clusters

1.66 mm/s and rotation speeds of 750-1500rpm are shown
in Fig. 2. Firstly, the nugget zone in this stage consisted of
four different microstructures: (1) areas (gray color) where
some fine Cu/intermetallic particles were dispersed, (2) areas
(brighter) where almost no dispersed particles were observed,
(3) copper clusters (shown by arrows) and (4) voids (black
color). The distributions of the dispersed particles within the
nugget zone tended to be improved by decreasing the rotation
speed. At arotation speed of 750 rpm, the dispersed particles
were distributed over most areas of the nugget zone, though
some large voids were observed in the nugget zone bottom,
while they tended to concentrate in the center of the nugget
zone at a rotation speed of 1000 rpm. When the rotation speed
was increased to 1500 rpm, the dispersed particles were dis-
tributed in a “C” shape area in the center of the nugget zone,
leaving the rest of the nugget zone at much lower dispersed
particles density. Some large Cu clusters were also observed
when the rotation speeds were 1000 and 1500 rpm. The XRD
patterns obtained from the nugget zone cross sections pro-
duced by the first FSP pass at a traveling speed of 1.66 mm/s
are shown in Fig. 3. At all rotation speeds, the major peaks
were identified as aluminum and copper. In addition to these,
small diffraction peaks of CuAl, intermetallic phase were
detected, which proved that the Cu particles reacted with the
Al matrix during the first pass at rotation speeds not less than

/

750 rpm. Very small diffraction peaks of Al-Cu and AlsCug
intermetallic phases were also detected at rotation speeds of
1000 and 1500rpm, suggesting that the reaction of the Cu
particle with the Al matrix was enhanced with the increase
in the FSP heat input.

The microstructure of the nugget zones cross sections was
observed with a scanning electron microscope as shown in
Fig. 4. When the rotation speed was 1500 rpm, the Cu par-
ticles were agglomerated into large clusters in specific areas
in the nugget zone, as observed in Fig. 4a. On the other hand,
when the rotation speed was 750 rpm, most of the dispersed
particles were distributed as smaller clusters as shown in
Fig. 4b, or in banding structures toward the advancing side as
shown in Fig. 4c. Close view of a dispersed Cu particle (see
Fig. 4d) showed that the reaction between the Cu particles
and the Al matrix occurred on the Cu particles peripheral
edges.

3.2 Surface Layer Properties After Triple Passes
3.2.1 Macrostructure of the Nugget Zone

Macroscopic appearances of the nuggets cross sections
produced by triple FSP passes at rotation speeds of 750—
1500rpm and traveling speeds of 0.83 and 1.66 mm/s are
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Fig. 3 XRD patterns obtained from nugget zone cross sec-
tion at a traveling speed of 1.66mm/s after first pass, where
a rotation speed of 750rpm, b rotation speed of 1000rpm,

shown in Fig. 5. The distribution of the dispersed particles
was improved by the triple passes, since the stirring action
generated in every pass by the rotated tool dispersed the par-
ticles more widely and uniformly in the nugget zone. It can
be also seen from this figure that the dispersed particles were
distributed more homogenously by decreasing the rotation
speed. At a rotation speed of 750 rpm, the dispersed particles
were distributed over almost whole area of the nugget zone
without any cracks or any other macroscopic defects. The
dispersed particles density was slightly increased with the
depth from the nugget surface. On the other hand, the use of
rotation speed more than 750 rpm resulted in inhomogeneous
distribution of the dispersed particles; the particles tended to
concentrate at the bottom of the nugget zone. Moreover, as
indicated by arrows in Fig. 5c—f, some large voids remained
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Scale

and c rotation speed of 1500rpm. (filled square Al, trian-
gle Cu, theta symbol CuAly, hash symbol Al-Cu, plus symbol
AlyCuo)

at the bottom of the nugget zone in addition to large Cu clus-
ters. On the other hand, the traveling speed had a minor effect
on the macroscale behavior of the material inside the nugget
zone, comparing with the effect of rotation speed.

3.2.2 Microstructure of the Nugget Zone

The X-ray diffraction (XRD) patterns obtained from the cross
sections of the nugget zone produced after triple passes at
rotation speeds of 750-1500 rpm and traveling speeds of 0.83
and 1.66 mm/s are shown in Fig. 6. All of the observed nugget
zones consisted of mixtures of Al, Cu, CuAl, Al-Cu and
AlsCug with different ratios. The large intensities of the Al
peaks were mainly due to the matrix. By analyzing the XRD
patterns in Fig. 6, the following results can be obtained:
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Fig. 4 SEM images of some local areas inside the nugget zones after first pass: a Cu clusters at 1500 rpm, b Cu particles distributions in the nugget
zone center at 750rpm, ¢ banded structure at 750rpm, and d higher magnification of Cu particle at 750 rpm

4000 rpm 1000 rpm

E Cu clusters EI Cu clusters —

1500.rpm 1500 rpm

= > Cu clusters
E o - ﬂ \voids

1mm

Fig. 5 Macrographs of the nugget zone cross section after triple FSP passes: a, ¢ and e at traveling speed of 1.66 mm/s, while b, d and f at 0.83 mm/s
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Fig. 6 XRD patterns obtained from the nugget zones cross sections
after triple passes. (filled square Al, triangle Cu, theta symbol CuAl,,
hash symbol Al-Cu, plus symbol Al4Cug). a 750rpm and 1.66 mm/s.

1. The diffraction peaks of the copper showed lower inten-
sities than those observed after the first pass (compare
Fig. 3 with Fig. 6), suggesting that the amount of non-
reacted copper was decreased.

2. At a traveling speed of 1.66 mm/s, the peaks from the
intermetallic phase CuAl, were higher at a rotation speed
of 750 rpm, while the peaks from the Cu-rich phases (Al-
Cu and Al4Cug) were relatively higher at rotation speeds
more than 750 rpm.

3. Bydecreasing the traveling speed from 1.66 to 0.83 mm/s,
the Cu peaks were decreased at almost all rotation speeds.
On the other hand, the intermetallic phase CuAl, showed
the highest peaks at rotation speed of 750 rpm and a trav-
eling speed of 0.83 mm/s.

The application of triple passes not only improves the homo-
geneity inside the nugget zone but also accelerates the
reaction of the Cu particles with the Al matrix, since the heat
generated in every pass promotes the diffusion and reaction.
Moreover, application of multiple FSP passes enhances the
separation of the Cu clusters/particles into isolated/smaller
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particles, as will be discussed later in this section, which also
shares in the promotion of the reaction that forms the Al-Cu
intermetallic compounds.

Although the Cu/CuAl, particles, as suggested in Fig. 7a,
b, were distributed almost homogenously in the Al matrix ata
tool rotation speed of 750 rpm, the un-reacted Cu content was
considerably high at a traveling speed of 1.66 mm/s. This may
be due to the lack of heat input during FSP at this tool rotation
and traveling speeds for the copper particle of 5 um diam-
eter to react with the aluminum matrix. A magnified image
of relatively larger dispersed Cu particle in the Al matrix, as
shown in Fig. 7c, showed the formation of irregular-shape
intermetallic compounds only on the edge of the particles,
while the inner side of the particle remained as un-reacted
copper as confirmed by the EDS analyses (at an acceleration
voltage of 5kV) in Fig. 7d, point 2. Moreover, the atomic
concentrations of the Cu estimated from the EDS spectra at
points 1 and 3 were about 29 and 70 %, respectively, sug-
gesting the formation of CuAl; (point 1) and Al4Cug (point
3) intermetallic compounds. Also, based on the EDS analy-
ses, most of the fine particles in Fig. 7a, b were identified as
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Fig. 7 SEM image of nugget zone fabricated by triple passes at a rotation speed of 750 rpm and a traveling speed of 1.66 mm/s: a advancing side,
b retreating side, ¢ enlarged image of selected area in a and d the EDS spectra from points 1, 2 and 3 in ¢

CuAl; intermetallics. In addition, these SEM images show
the presence of very fine dispersed particles (less than 1 pwm
in size) and the average particle size of the dispersed parti-
cles in the nugget zone fabricated at rotation speed of 750 rpm
was estimated to be about 2-3 pm, which was finer than the
as-received Cu powder. This may be explained as a result of
the stirring effect of the tool which can divide the particles
into small parts.

By increasing the rotation speed to 1000 rpm, the Cu par-
ticles, as stated in Sect. 3.2.1, tended to be concentrated in
the lower-center of the nugget zone, as shown in Fig. 8. Most
of the Cu particles reacted with the Al matrix as shown in
Fig. 8a, b, forming CuAl, intermetallics as suggested by the
EDS spectrum shown in Fig. 8c. On the other hand, some un-
reacted Cu areas were detected at the bottom of the nugget
zone as shown in Fig. 8d, e. The EDS spectra of some points
in Fig. 8e give atomic content of the Cu of ~70 (points 1)
and ~49 (points 2), which were the typical compositions of
the Cu-rich intermetallics (Al-Cu and Al4Cug) as shown in
Fig. 8f.

When the rotation speed was increased to 1500 rpm, many
bulk Cu areas were detected within the nugget zone, suggest-
ing the occurrence of Cu particles consolidation prior to the
reaction with the Al matrix, as shown in Fig. 9.

Based on these results, we may conclude that the lower
rotation speed is beneficial for Cu and intermetallic particles
distributions inside the nugget zone, whereas the heat gener-
ation necessary for the reaction between the Cu particles and
the Al matrix is insufficient. On the other hand, the heat input
obtained at high rotation speed is good for accelerating the
reactions, but the Cu particles distributions within the nugget
zone became inhomogeneous. Thus, it is preferable to use a
low rotation speed for the homogeneity of particles distrib-
ution and increase the heat input by lowering the traveling
speed for the enhancement of the reaction of Cu particles with
aluminum matrix. As reported in many works [19-22], the
maximum temperature during the FSW depends mainly on
the rotation speed, while the period kept at high temperatures
is a strong function of the traveling speed. Therefore, higher
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162mm X180k

Fig. 8 SEM image of nugget zone fabricated with a rotation speed of

1000rpm and a traveling speed of 1.66 mm/s after triple passes: a cen-
ter, b enlarged image of selected area in a, ¢ the EDS spectrum for all

n coife 5:0kV 18-0mm X300

Fig. 9 SEM image of nugget zone fabricated by triple passes at a rotation speed of 1500rpm and a traveling speed of 1.66 mm/s: a bottom, b Cu
clusters and ¢ the EDS spectrum obtained from the area indicated by the square in b

heat input is expected through decreasing the traveling speed
to 0.83 mm/s.

The SEM microstructures observed in the nugget zone fab-
ricated at a rotation speed of 750rpm and a traveling speed
of 0.83 mm/s are shown in Fig. 10. The particles are distrib-
uted almost uniformly in the matrix, and there were many
fine particles less than 1 pwm in size. The edges of relatively
large dispersed particle, as shown in Fig. 10b, were irregu-
lar in shape, and there were very fine (nano-size) dispersed
particles beside it (shown by arrows). The EDS analyses of
these areas suggest that most of the large particles and all
the fine particles were CuAl,, while the inner parts were
un-reacted copper phase as shown in Fig. 10c. A higher
magnified image of the matrix area, as shown in Fig. 10d,

u olle’5:0kV 15.9mm X300

O

o Point 2 &

fine particles in b, d bottom side, e enlarged image of selected area in
d, and f the EDS spectra for some points in e

indicated that many nano-sized intermetallics were dispersed
in the aluminum matrix. These results suggests that the reac-
tion products (mainly CuAl, intermetallics) were broken into
very fine particles, removed from the Al/Cu particles inter-
face by the stirring action of the FSP tool, and distributed in
the matrix.

3.2.3 Hardness Measurements

The horizontal and vertical hardness profiles in the cross
section of the nugget zone produced at a rotation speed
of 750rpm and traveling speed of 0.83 and 1.66 mm/s are
presented in Fig. 11. The measurements were taken approx-
imately at the middle of the cross section of the nugget
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Fig. 10 SEM image of nugget zone fabricated at a rotation speed of 750 rpm and a traveling speed of 0.83 mm/s after triple passes: a nugget center,
b enlarged image of selected area in a, ¢ the EDS spectra for point 1 and 2 in b, and d matrix microstructure
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Fig. 11 Hardness distributions in a the horizontal and b vertical direction of the nugget zone fabricated with a rotation speed of 750rpm and

traveling speeds of 0.83 and 1.66 mm/s

as schematically shown in the insets at the lower part of
the charts. Since the hardness profiles can be considered
to reflect the homogeneity of the constituents of the nugget
zone, the distributions of the hardness in the horizontal direc-

tion (Fig. 11a) suggests a reasonable homogeneity of the
particles distribution in the nugget zone produced at a tool
rotation speed of 750rpm. The use of a traveling speed of
0.83 mm/s led to an increase in the average hardness to more

7
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Fig. 12 Examples of the hardness indentations in the nugget zone fabricated at a rotation speed of 1500rpm and traveling speeds: a 1.66 mm/s

and b 0.83 mm/s

than 95 HV, which was almost five times as high as the hard-
ness of the aluminum adjacent to the nugget zone. Regarding
the hardness distribution in the vertical direction (Fig. 11b),
the hardness values increased with the depth from the sur-
face of the nugget zone at both traveling speeds, reaching
~110HV at the bottom of the nugget zone fabricated at a
traveling speed of 0.83 mm/s.

When the rotation speed was more than 750 rpm, the hard-
ness values shows great scattering inside the nugget zone.
For example, at a rotation speed of 1500rpm, as shown in
Fig. 12a, the hardness values reached 245 HV in some areas of
high intermetallic density, and it became about a 90 HV in the
dense copper areas when the traveling speed was 1.66 mm/s.
When the traveling speed was 0.83 mm/s, the hardness values
reached 290 HYV in places involving dense intermetallics, as
illustrated in Fig. 12b.

3.2.4 Bending Tests

The macrographs of the nugget zones subjected to 90° face
and side bending test are shown in Fig. 13, when the rota-
tion speed was 750rpm and the traveling speeds were 1.66
and 0.83 mm/s. When the traveling speed was 1.66 mm/s, the
surface of the face bend test was sound without cracks or
opening voids as shown in Fig. 13a. The nugget zone cross
section, obtained of the same traveling speed of 1.66 mm/s,
as shown in Fig. 13b, was also sound on the side bending
without cracks except some tearing in the upper portion of
the heat-affected zone next to the nugget zone. This is may be
due to the large difference in hardness and strength between
the nugget zone and the heat-affected zone of the base metal.

When the traveling speed was decreased to 0.83 mm/s,
small and large cracks were observed on the surface of
the nugget zone after the face bending test, as shown in

@ Springer

Fig. 13c. Some small cracks were also detected on the side-
bending-tested surface almost in the same position as shown
in Fig. 13d.

It was clear from these results that the ductility of the
nugget zone fabricated at faster traveling speeds (1.66 mm/s)
was higher than that fabricated at slower traveling speed
(0.83mm/s). This difference in ductility may be due to the
microstructure of the matrix and due to the amount of inter-
metallic compounds formed during FSP.

4 Discussion

Itis well known that friction stir processing (FSP) tool gener-
ates localized heating, severe plastic deformation and stirring
of the constituents of the nugget zone. These generated heat
and severe plastic strain can initiate the reaction of the Cu
particles with the Al matrix, and the stirring action can accel-
erate it. Since the reaction between Cu and Al is exothermic,
the heat accompanied by the reaction also contributes to the
acceleration of the reaction [15—17]. On the other hand, the
amount of the heat generated, temperature and processing
time depends mainly on the tool design and processing para-
meters: rotation and traveling speeds.

Before proceeding into the details, it is better to mention
the intermetallic phases in the Al-Cu system. According to
the Al-Cu binary alloy phase diagram (Fig. 14, [23]), five
intermetallics can be formed at temperatures above 380 oC:
CuAly, CuAl, CugAlsz, CuszAly and CugAly. The formation
of any of these intermetallics in a place depends mainly on
the Cu concentration and temperature in that place.

It is clear in this work that the lower rotation speeds
improved the dispersed particles distributions inside the Al
matrix and hence increased the surface areas of the Cu parti-
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a

1 mm

Cracks

Fig. 13 Macrographs of the nugget zones after the bending tests on the specimens produced with triple FSP passes at a rotation speed of 750 rpm
and traveling speed of 1.66 mm/s (a face bent, b side bent) and 0.83 mm/s (¢ face bent, d side bent)

cles that directly came into contact with the Al matrix, which
promoted the reaction between them. At the same time, the
decrease in the rotation speed was accompanied with rel-
atively lowered heat generation in the nugget zone which
was an essential factor for completing the reaction. On the
other hand, increasing the rotation speed resulted in higher
heat generation, but the dispersed particles were clustered in
smaller areas in the nugget zone, which decreased the surface
areas of the Cu particles that directly came in contact with the
Al matrix. As mentioned in the Introduction section, our goal
is to fabricate a layer where Al-Cu intermetallic particles are
homogenously distributed. These contradictions in the mer-
its of the rotation speed force the work toward the traveling
speed. By using a minimum rotation speed of 750 rpm and
half of the traveling speed (0.83 mm/s), the reactions between
the Cu particles and the Al matrix were accelerated.

A characteristic feature that was observed in the nugget
zone produced by dispersing the Cu particles was a dense
distribution of the Al-Cu intermetallic compound particles
much finer than the original size of the Cu particles (see
Fig. 10). In relation to this, the Cu particles in the nugget

zone presented very complicated morphologies quite dif-
ferent from those of the original spherical particle. These
features suggest that the Cu particles were broken to form
finer AlI-Cu intermetallic compounds. It seems unlikely that
the Cu particle itself was broken during the FSP, considering
the excellent ductility of the copper. Possible mechanisms to
explain these features are as follows:

1. Once the reaction between the Cu particles and the
Al matrix was occurred, the reaction products (inter-
metallics), which are brittle, were fractured by the
stirring action of the tool, and thrown away from the
Cu particles, or

2. alocalized liquation occurred in the boundary regions
between the Cu particles and Al matrix from the heat gen-
erated by the FSP tool in addition to the heat generated
by the reaction, because of the Al-CuAl, eutectic reac-
tion at a temperature significantly lower than the melting
point of the Al matrix, and the liquation region enriched
in Cu was dispersed in the matrix by the stirring action.
The intermetallic compound particles were formed from




1768

Arab J Sci Eng (2016) 41:1757-1769

Fig. 14 Phase diagram of
Cu-Al system [26]
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these Cu-enriched liquation regions. In this case, the fine
particles consist of only CuAl,, and this is in accord with
the experimental observation.

It is generally said that the FSW or FSP is a solid-state
process. However, several authors have reported recently the
occurrence of local or instantaneous liquation in the stir zone
during the FSW [24-26].

Based on these results, the matrix consisted of very fine
intermetallic compounds (mainly CuAl,) which increase the
hardness of the nugget zone to almost five times of the
aluminum matrix adjacent to the nugget zone. This matrix
structure reduces the nugget zone ductility to that it was
cracked during bending test. Thus, the traveling speed of
1.66 mm/s was preferable if the ductility of the surface layer
was desirable in any application.

5 Conclusions

In this work, a feasibility study has been carried out of the
friction stir processing as a technique to fabricate a surface
layer of Al-Cu intermetallic MMCs on aluminum surface.
The Cu powder of 5 um in size was packed in a groove of
3mm width and 1.5mm depth cut on the aluminum plate
surface. The tool was rotated at a rate of 750-1500 rpm and
traveled at speeds of 0.83 and 1.66 mm/s. Double and triple

@ Springer
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passes were applied. The results obtained can be summarized
as follows:

1. The copper particles reacted with the aluminum matrix
at almost all the processing conditions even during the
first pass.

2. At a traveling speed of 1.66 mm/s, most of the resulted
intermetallics were CuAl, at a rotation speed of 750 rpm,
while the Cu-rich intermetallics (Al-Cu and Al4Cug)
appeared at rotation speeds of 1000 and 1500 rpm.

3. When the traveling speed was decreased to 0.83 mm/s,
the amounts of the resulted intermetallics were increased.

4. At a rotation and traveling speeds of 750rpm and
0.83mm/s, respectively, the nugget zone matrix con-
sisted of nano-sized CuAl, intermetallics distributed in
aluminum which increase the hardness to almost five
times of the aluminum matrix adjacent to the nugget
zone.

5. The ductility of the nugget zone fabricated at a traveling
speed of 1.66 mm/s was higher than that fabricated at
0.83 mm/s, when the rotation speed was 750 rpm.
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