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Abstract: The majority of literature sources dedicated to dissimilar Al-Cu friction stir welding
testifies to the formation of intermetallic compounds (IMC) according to diffusion-controlled reactions,
i.e., without liquation on the Al/Cu interfaces. Fewer sources report on revealing Al-Cu eutectics,
i.e., that IMCs are formed with the presence of the liquid phase. This work is an attempt to fill the gap
in the results and find out the reasons behind such a difference. Structural-phase characteristics of an
in-situ friction stir processed (FSP) Al-Cu zone were studied. The single-pass FSPed stir zone (SZ) was
characterized by the presence of IMCs such as Al,Cu, Al,Cus, AlCu3, Al,MgCu, whose distribution
in the SZ was extremely inhomogeneous. The advancing side SZ contained large IMC particles as
well as Al(Mg,Cu) solid solution (SS) dendrites and Al-Al,Cu eutectics. The retreating side SZ was
composed of Al-Cu solid solution layered structures and smaller IMCs. Such a difference may be
explained by different levels of heat input with respect to the SZ sides as well as by using lap FSP
instead of the butt one.

Keywords: in-situ friction stir process; aluminum alloys; Al-Cumetallomatrix composite; intermetallic
compounds; diffusion-controlled reactions; Al-Cu eutectics

1. Introduction

Metallomatrix composite surface materials modified using friction stir processing (FSP) are
state-of-the-art materials, which are intended to combine high strength, wear resistance with high
ductility and fatigue resistance of a core metal such as an aluminum alloy [1]. The FSP was originally a
process used for surface structural modification, i.e., grain refining, which then was adapted to prepare
the metallic matrix composites (MMC) surface coatings by means of introducing various reinforcement
particles and admixing them to the matrix metal [1-10]. The FSP utilizes the friction-generated heat
for plasticizing the matrix metal, which then is transferred to the rear zone by means of tool rotation
and translational motion. The plasticized metal flows along a rather complex trajectory and its
adhesion to the tool plays a great role in the metal transfer and stirring. The intense stirring serves to
ensure homogeneous distribution of hard particles throughout the stir zone (5Z), and the FSP process
parameters such as tool rotation rate and travel speed can be varied to find an optimal degree of mixing
as well as temperature conditions.

The hard particles may be introduced into the stirred metal directly [7-9,11-13] or form in-situ
inside the metal [14-18] by means of solid-state reactions between the admixed components, between
the admixed components and the matrix or between the dissimilar metals processed. The FSP
preparation of hybrid composites with the use of in-situ reactions shows up some advantages over
those obtained using commercially available reinforcement particles. The first advantage is that in-situ
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reactions allow us to obtain finer and more homogeneously distributed reinforcing particles [17].
The second advantage is that either coherent or semicoherent boundaries may form between these
in-situ prepared particles and the matrix [10,15,19] and therefore more thermodynamically stable and
strong particle/matrix interfaces are feasible [20]. The literature sources were analyzed to show that
many experimental compositions such as Al7075-Ti-6Al-4V [14]; A11050-Ni-Ti-C [15]; Al-SiC [15,21];
Al6061-Fly ash [18]; Al1050-Fe,O5-Al [17]; Al-1050-Cu [16]; Al-Ni; AI-NDb [22]; Al-graphene [13,21,22]
were subjected to FSP in order to prepare the in-situ MMCs.

Commonly, copper is one of the widely used and efficient metals to carry out FSP on aluminum
alloys and thus obtain the MMCs reinforced with Al-Cu intermetallic particles [23]. Intermetallic
Cu-Al particle reinforced MMCs may be fabricated using friction stir welding (FSW) on dissimilar
metals [24-27], multilayer friction stir brazing [28], die-casting, powder metallurgy, etc.

The effect of different tool configurations on friction heat generation, metal flow and formation of
intermetallic layers was studied in friction stir spot welding of dissimilar Cu and Al metals [24]. It was
shown that thin intermetallic layers were formed from compounds such as CuAl,, CuAl and AlyCug.
Intermetallic compound layers consisting of CuAl, and AlyCug were found at the Cu-Al boundaries
along with hot cracking during butt friction stir welding of Cu and Al [25].

AA6061-T6 plates were welded with a copper plate inserted in the butt line between two AA6061
plates and the resulting stir zone structure contained CuAl, and Al;Cug intermetallic particles [26].
Both intermetallic particles and interlayers were formed during butt FSW on Cu and Al plates [27].
Ultrasound treatment was used to reduce the thickness of intermetallic layers formed with FSW [29].

Only a few publications were devoted to obtaining the Al-Cu composites using the FSP admixing
the Cu powder. Hsu et al. [30] demonstrated that homogeneous Al-Al,Cu MMC with Young modulus
88 + 8 GPa, yield stress 450 MPa, ultimate stress 650 MPa and 0.15 plasticity may be obtained using
FSP on Al-15 at.% Cu green samples compacted at 225 MPa.

It has been reported [16] that when pure copper powders were FSP admixed to aluminum plates
at the tool travel speed 1.66 mm/s and rotation rate 750 rpm, the resulting intermetallic particles were
CuAl, ones. Increasing the FSP pass number and, in particular, the FSP tool rotation rate to 1000 and
even to 1500 rpm resulted in precipitation of mainly Al-Cu and Al4;Cug intermetallics. On the contrary,
only Al,Cu precipitates were found in the aluminum irrespective of the FSP pass number [31].

This work was focused on studying the specificity of in-situ synthesis of Al-Cu intermetallic
particles by means of lap FSP on a copper and aluminum alloy.

2. Materials and Methods

The hot-rolled AA5056 sheets were cut into 200 mm x 60 mm X 5 mm samples. C11000 copper
sheets were cut into 200 mm x 60 mm X 2 mm samples. Chemical compositions of the alloy and copper
sheets are shown in Table 1.

Table 1. Chemical composition of A5056 and C11000 plates.

Chemical Element, wt.%.

Plates

Al Mg Fe Si Mn Cu Zn Ti Ni Pb As
A5056 919946 4.8-5.8 <05 <05 05-08 <01 <02 <0.02-0.1 - - -
C11000 - - <0.005 - - 99.9  <0.004 - <0.002 <0.005 <0.002

Friction stir processing was carried out with the use of the FSW machine (Sespel, Cheboksary,
Russian) at the Institute of Strength Physics and Materials Science of Siberian Branch of Russian
Academy of Sciences (Tomsk, Russian) (Figure 1). A truncated cone flute FSW tool with a 2.5 mm
height pin and top and bottom diameters of 6 and 4 mm, respectively, was used. The tool shoulder
diameter was 12 mm. The FSW tool inclination angle was 3°. The FSW parameters were as follows:
rotation rate 500 rpm, travel speed 90 mm/min, plunging force 12,000 N. This set of parameters was
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found to be optimal as follows from previous experimenting [32]. The FSW tool penetration was
2.5 mm.

(a) (b)
Figure 1. Scheme of FSP on C11000/A5056 sandwich (a) and single-pass FSP seams (b).

The FSPed samples were cut using electric dischage method (EDM) in planes perpendicular to
the joint centerline to obtain specimens for examination and tests (Figure 1a). The microstructural
evolution was examined on polished and etched section views prepared according to ASTM standards
and visualized using optical microscopes Altami Met 1S (LLC Altami, Sankt Petersburg, Russian)
and Olympus LEXT 4100 (Olympus NDT, Inc., Waltham, MA, USA) as well as scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) instruments Zeiss LEO EVO 50 (Carl
Zeiss, Oberkochen, Germany) and JEOL-2100 (JEOL Ltd., Akishima, Japan), respectively. The chemical
composition of precipitates was controlled using an EDS attachment to TEM.

The mean particle sizes were determined using the linear intercept method. Perfect stoichiometric
compound component ratios were used to identify intermetallics found in the stir zone and analyzed
with EDS. Using an X-ray diffraction (XRD) instrument XRD-7000S (Shimadzu, Kyoto, Japan) operated
at 35 kV, 24 mA, irradiation was applied for identifying the Al-Cu phases. Microhardness profiles were
obtained using a microhardness tester Duramin 5 (Struers A/S, Ballerup, Denmark) at 100 g load and a
dwell time of 10 s.

3. Results

The macrostructure view of the FSW seam cross-sectional area allows us to observe composite
structures in both the stirring zone (5Z) and thermomechanically affected zone (TMAZ) (Figure 2a).
Both central and bottom areas of the SZ located close to the advancing side of the seam reveal
discontinuities which may be shrinkage pores formed during the formation of Cu-Al intermetallics.
The stir zone is characterized by alternating Al/Cu layers in its bottom part (Figure 2b) as well as Al-Cu
solid solution and intermetallic compound (IMC) layers (Figure 2c). The large IMCs areas are seen on
the retreating side of the SZ (Figure 2a).

The XRD pattern in Figure 3 reveals the phases as follows: Al, Cu, Al,Cu, Al,Cus, AlCus,
Al)MgCu and thus suggests that in-situ Al-Cu reactions have occurred. Nevertheless, there are large
IMC-free areas composed of unreacted Cu and Al. Formation of Al,Cu IMCs on the Cu/Al interfaces
during FSW was noted in the majority of works dedicated to dissimilar FSW [24-27,29,30].
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Figure 2. The FSPed SZ cross-sectional zones and Cu-Al intermixed areas: 1—defects; 2—solid solution
(SS) areas; 3—IMC areas; 4—cracking at the advancing side; AS—advancing side; RS—retreating side;
(a) the SZ macrostructure; (b) alternating SS and IMC layers; (c)—aluminum inflow pattern.
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Figure 3. The XRD pattern of the Cu-Al stirring zone metal.

The composite structure of Al-Cu SZ does not look structurally homogeneous since it includes
many different phases and microstructures (Figure 4).

The IMC layers formed at the Al/Cu interfaces on the Cu-rich side of SZ are composed of 2 to 5 um
in size AlyCusz and AlCujz IMCs (Figure 4a,d). The mean size of the Al,Cus and AlCu; particles in
these IMCs is about 300 nm. The presence of these phases is confirmed by the results of XRD (Figure 3),
TEM (Figure 5) and EDS (Table 2, spectra 4-7).
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Figure 4. The SEM BSE images of SZ microstructures after a single-pass FSP on the Al-Cu sandwich:
(a) SS/IMC interface; (b) stir zone macrostructures; (c) column IMCs; (d) IMCs of different compositions;
(e) substrate/stir zone boundary; (f) mixed IMC + SS zone.
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Figure 5. TEM images of SZ areas: Al-Cu interfaces with eutectics (a,b); EDS profile across the
AlyCu/Cu transition zone (c); SAED pattern obtained from the area in Figure 5a and SAED reflection
identification (d); 1-15 are the EDS probe spots corresponding phases shown in Table 2.
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Table 2. Chemical compositions of phases shown in Figure 5.

No. Element Content, at.% Phase Formula Morphology

1 (1;11 ggg Al,Cu Near-spherical

2 ?111 ;é; AlL,Cu rectangular

3 élll Zi? Al,Cu plate

4 éll égi Al Cujs irregular

5 éll zgg AlCujy irregular

6 2111 222 AlCus irregular

7 éll 23; Al,Cujs irregular
Mg 9.4

8 Al 80.0 2%1\2[:%/ eutectics
Cu 10.6 2
Mg 26.0

9 Al 50.6 2%1\2[:%/ eutectics
Cu 23.4 2
Mg 14.6

10 Al 49.2 iil\é%/ eutectics
Cu 36.2 2

11 éll 221337, AlL,Cu equiaxial

12 é}l g?; AlL,Cu equiaxial

13 éll gzi Al,Cu spherical
Mg 16.6

14 Al 67.4 AlhMgCu eutectics
Cu 16.0
Mg 6.8

15 Al 83.6 ﬁil\égu/ eutectics
Cu 9.6 2
Mg 4.3

16 Al 88.9 ﬁil\égu/ eutectics
Cu 6.8 2

The interfaces between fine-crystalline copper and IMCs are shown in Figure 5a as well as
Al/Al,Cu eutectics located in between the Al,Cu particles. The selected area electron diffraction (SAED)
pattern obtained from the area in Figure 5a shows the reflections, which can be identified as those
belonging to AlCus, Al,Cu and Al,Cus (Figure 5d). Analyzing the EDS spectra and taking into account
the ideal stoichiometric formulas of the IMCs detected, the theoretical compositions of them were
determined and are presented in Tables 2 and 3. It is worthwhile noting that IMCs composed of Al,Cus
and AlCuj particles are inherent to all Al/Cu alternating layers (Figure 4a,d—f).
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Table 3. Chemical compositions of phases shown in Figure 6.

Spectrum Element Content, at.% Phase Formula Morphology

1 Al 93.7
: Cu 4.0 Al(CuMg) dendritic
(Figure 6a) Mg 23
5 Al 66.8 AlMg/ .
(Figure 6a) Cu 204 AlLCu eutectics
8 Mg 12.8 2
3 Al 62.9
. Cu 35.7 Al,Cu rectangular
(Figure 6a) Mg 14
4 Al 61.6
. Cu 37.5 Al,Cu angularity
(Figure 6a) Mg 0.9
1 Al 91.2
: Cu 5.7 Al(CuMg) dendritic
(Figure 6b) Mg 31
2 Al 719 AlMg/ .
(Figure 6b) Cu 15.8 Al Cu eutectics
& Mg 123 2
3 Al 63.6
. Cu 35.5 Al,Cu angularity
(Figure 6b) Mg 0.9
4 Al 66.0
. Cu 31.9 Al,Cu angularity
(Figure 6b) Mg 51

(a) (b)

Figure 6. The SEM BSE images of microstructures in the SZ (a,b), which contain SS Al(Cu,Mg), Al,Cu
and Al,MgCu particles as detected using the EDS probe on microstructure components denoted
1,2,3,4.

When looking at the Al-rich part of the SZ, more aluminum-rich phases are formed there according

to reactions as follows:
AlzCng, + 5A1 —» Al + 3A1L,Cu (1)

AlCuj + 6Al — Al + 3A1,Cu. )
The microstructure of this zone is composed of SS Al(Cu,Mg) and Al,Cu particles as confirmed

by the EDS and SEM (Figures 4 and 6, Table 3).
The solid solution in this zone contains up to 5.7 at.% Cu and 3.1 at.% Mg in Al i.e., it can be
referred to as an Al(Cu,Mg) phase as shown by the EDS spectra in Figure 6 and Table 3. These Al(Cu,Mg)
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particles are dendrites and have a mean size of 11.8 um (Figure 6). Such a dendritic shapes may be
evidence in favor of heterogeneous nucleation and growth in a liquid phase.

Two different sorts of CuAl, particles are formed in the SZ (Figure 4a,c—f; Figure 6) such as thin
7 X 50 um? area platelets and the fine ones found in eutectics. Figure 5¢ shows an EDS profile along
the line shown in Figure 5a, i.e., a transition zone from IMC to the Al-Al,MgCu eutectics and then to
the recrystallized fine-grained copper.

An intermetallic Al-Al;MgCu eutectic phase was also EDS detected in the middle of SZ
(Tables 2 and 3) (Figures 3, 4a and 6).

The macroscopic FSP track cross-sectional area in Figure 7a shows lines along which the
microhardness number profiles (Figure 7b,c) were obtained. Both Figure 7b and 7c demonstrate
that microhardness profiles obtained in two perpendicular directions allow for the differentiation
between the matrix and IMCs, and, in fact, reveal the SZ structural inhomogeneity, which means a lack
of equality in strength. The microhardness of IMCs is by a factor of 2 to 5 higher than those of the
base metals.
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Figure 7. Microhardness profile measurement lines (a) and microhardness profiles along horizontal
(1,2, 3) (b) and vertical (4, 5, 6) directions (c).
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4. Discussion

The results of this work clearly show the inhomogeneous structure of the stir zone composed
of copper, aluminum, Al-Mg-Cu solid solution and a set of different morphology IMCs. The FSP
is a strong nonequilibrium process so that the microstructural evolution of the processed metal is
determined by a variety of external factors such as heat generation, mechanical stirring (deformation),
heat removal as well as internal process factors such as adhesion-assisted or quasi-viscous transfer of
metal portions to the zone behind the tool, dynamic recrystallization, diffusion-controlled precipitation
and mechanochemical solid-state reactions. The Cu-Al system is capable of forming intermetallic
compounds with a high exothermic effect so that a thin liquid phase layer may form at the Al/Cu
interface due to contact melting. Such a phenomenon leads to a fast liquid-phase synthesis of coarse
IMC layers and particles, especially when fusion methods are used to obtain the Cu-Al alloys. At the
same time, only diffusion-controlled formation of IMCs is possible when the process temperatures
are low enough. In FSP on Cu-Al the temperatures in the stir zone are in the range 400-500 °C [31],
i.e., lower than the eutectic temperature T = 548.2 °C and no Al-Cu eutectics were detected in this
work. All IMCs were formed by means of diffusion-controlled precipitation from a supersaturated
solid solution obtained in FSP according to the model suggested by Pretorius et al. [33]. According to
such a model, the effective heat of formation (AH’) of phases at the binary Al-Me system interfaces can

be determined as follows: c
e

— 0
AH! = AH; - C.

3)
where AH 1’ is the effective heat of formation of i-phase, AH? is the enthalpy of formation change for
phase i; C, is the effective concentration of the limiting element at the interface; C, is the concentration
of the limiting element in the compound. Taking into account that AG? ~ AH? the effective Gibbs free
energy change (AG/) in case of an i-phase formation is determined as:

Ce
C. 4)

Table 4 shows the results of calculating the Gibbs free energy changes corresponding to the

AG! = AG! -

formation of all Al-Cu binary system phases. It can be noted that only negative AG] values were
obtained, thus, determining the feasibility of the IMC nucleation and growth. The maximum absolute
AG] values AG’ al,cy, = —31.28 kJ/mol and AG’ pcy; = —22.84 k] /mol were found for Al,Cuz and
AlCug, i.e., these phases were the first ones to form at the Cu/Al interfaces. Therefore, those phases
were detected in this work as small particles on the Cu-rich side of the image in Figure 4a. The next
phase to form was Al,Cu with AG’ zj,cy = —19.54 k] /mol.

It should be noted that, in general, the diffusion-controlled Al-Cu interaction may lead to the
formation of a variety of IMC phases as dependent on Cu-content, sort of source materials (sheet
or powders), etc. Since copper and aluminum sheets were used in this work, the local Cu-content
may be as high as 40 vol.% due to intense stirring and transfer then three binary phases were formed
such as Al,Cus, AlCus, and Al,Cu. However, it was reported [16,30,31,34] that only a single Al,Cu
phase was formed when FSP admixing the pure copper powders at a concentration of <15 at.% and
in-situ synthesizing the Al-Cu composite. Using the Pretorius model [33], it was experimentally
established [31] that Al,Cu had to be the first phase to form since its Gibbs free energy change of
formation was the most negative value of all other phases as determined for a Cu at.% concentration
corresponding to the lowest temperature eutectic.
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Table 4. Effective Gibbs free energy changes at Cu-Al interfaces at 450 °C.

IMC Composition  Limiting Element G; [35], J/mol G’ at 450 °C, kJ/mol G/, kJ/mol
Al,Cu Aly7Cuq33 Al -15,826.2 + 2.3T -14.16 -19.54

AlCu Al 50Cug 50 Al(Cu) —20,496.8 + 1.6T -19.34 -19.34
AlsCuy  Alyg3Cuqsy Cu -20,197.4 + 19T -18.82 -18.82
Al,Cuj3 Alg.40Cuqeo Al —-20,137.8 + 1.6T —-18.98 —31.28
Al4CU9 A10_31CU_0_69 Cu -19,707.1 + 1.6T -18.55 —18.55
AlCuz  AlgssCug7s Al -19,146.8 + 1.6T -17.99 -22.84

On the other hand, eutectic structures were observed during friction stir spot welding of AA5083
to copper [36]. The majority of papers devoted to studying the dissimilar Al-Cu butt FSWed SZ did not
show any presence of eutectics in distinction to the friction stir spot welding (FSSW) SZ microstructures.
The reason is the higher heat removal into a copper sheet in the case of butt FSW as compared to FSSW
or lap FSW. Preferential localization of IMCs on the advancing side of the SZ may be related to more
intense admixing between aluminum and copper layers (particles) detached off the parent metals and
transferred to the stagnation (trailing) zone behind the tool closer to the advancing side where these
layers adhere to the already deposited layers; finally, recrystallize and grow the IMCs at rest. Closer to
the retreating side these layers are stirred by the tool and deformed so that the strain dissolution of
the IMCs prevails over their precipitation, thus, facilitating the formation of the solid solution only.
Such a consideration is based on the adhesion-assisted transfer of metal during FSP when a transferred
portion (layer) of metal first adheres to the FSW tool, then is transferred to the stagnation zone behind
the tool, and adheres back to the previously transferred layers [37].

It is suggested also that more heat is generated on the advancing side as compared to that of
the retreating side [38]. This factor may provide higher heating and better conditions for the contact
melting between copper and aluminum transferred layers.

The combined effect of severe plastic deformation and heating provided the formation of a row of
Al-Cu phases. There are a number of phases whose morphology allows for the suggestion of their
origin from a liquid phase. First of all, those phases were Al-Al,Cu eutectics and Al-Mg-Cu solid
solution dendrites that formed near the IMC large particles as a result of depleting these zones of
copper. Such a scenario is inherent to the advanced side of the SZ zone.

Reaction-diffusion controlled nucleation and growth of IMC smaller particles is inherent to the
mechanically alloyed multilayer metal on the retreating side of the SZ. Friction stir processing in this
zone resulted in the formation of a Cu-Al mechanical alloy (bronze) which differed also from both
parent metals by its color. The smaller IMCs are found in the interlayer spaces whereas the in the main
phase there is the Al-Mg-Cu SS.

5. Conclusions

Microstructural evolution and phase composition of stir zone in-situ obtained using friction stir
processing on an Al-Cu bimetal workpiece were studied:

1.  The single-pass FSP on Cu-Al bimetal plate resulted in the formation of a stir zone with
inhomogeneous distribution of intermixed phases identified as unreacted metals, intermetallic
phases such as Al,Cu, Alycugz, AlCuz, Al,MgCu, Al(Mg,Cu) solid solution and Al-Al,Cu eutectics.

2. Large IMC particles as well as Al-Al,Cu eutectics and Al-Mg-Cu solid solution dendrites were
preferentially located on the advancing side of the SZ zone, while the retreating side zone of SZ
was characterized by the presence of Al-Cu solid solution layered structures and smaller IMC
particles located between the solid solution layers.

3. The microhardness profiles measured across the SZ digitally mirrors the inhomogeneity of the
phase distribution there. The microhardness of IMC zones is by a factor of 2-5 higher than that
of copper.
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4. The IMC areas containing the eutectics and solid solution dendrites, which might originate from
Al-Cu liquation, are characterized by large irregular shaped shrinkage pores.
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