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Abstract
In this work, the effect of lap joint configuration and Zn interlayer addition on the microstructure, the residual stress state, and the
quality of Al/Cu (configuration #1) and Cu/Al (configuration #2) friction stir spot welds (FSSW) was investigated. The study
revealed the close dependency of the weld joint quality on the pin length and Zn addition. The higher the pin plunge depth is, the
greater the obtained tensile shear strength. The Zn addition reduced sensibly the thickness of Al2Cu layer (from 10 to 2 μm) and
favored the formation of the Al4.2Cu3.2Zn0.7 precipitate that hindered the formation of detrimental Al4Cu9 compounds. Material
flow analysis revealed the presence of an intermixing zone containing thin continuous intermetallic layer (approximately
2.07 μm) at the weld interface of configuration #1. Meanwhile, the Cu material was covered by the Zn layer, which resulted
in a hardness increase (228 HV) at the stirred zone. In addition, a significant increase of the tensile shear strength from 1650 to
3600 N was noticed (an improvement rate of ≈ 118%). Conversely, in configuration #2, the Zn foil was squeezed out of the spot
weld interface resulting in the absence of material intermixing, discontinuous intermetallic layer, low hardness level (140 HV),
and weak improvement rate of the shear strength (≈ 53%). The Zn interlayer addition resulted in a quasi-symmetric distribution of
the residual stresses and shifted their nature from tensile stresses (+ 60 MPa) to compressive ones (− 10 MPa).

Keywords FSSW . Aluminum . Copper . Zinc interlayer . Tensile shear . Microstructure . Intermetallic compounds . Residual
stress

1 Introduction

The dissimilar joining of aluminum (Al) to copper (Cu) is
increasing more and more in many industrial fields such as
electric power, aerospace, and ship-building owing to the out-
standing mechanical and thermal properties, as well as the
good corrosion resistance of these materials [1–5]. It has been
suggested that Cu should be replaced by Al due to its cost-
effectiveness and considerable mass reduction [6]. Besides,

joining both materials using conventional fusion welding is
fairly challenging because of the formation of brittle interme-
tallic compounds (IMCs) and the solidification defects such as
porosities and chemical segregations. This compromises the
mechanical properties of the weld joint mainly if the IMCs’
fraction within the microstructure is high and their average
size exceeds 2.5 μm [7]. From a technological viewpoint,
fusion processes are not suitable for such materials, as they
generate solidification defects that decrease the weld joint per-
formances. However, solid-state joining processes are known
to reduce the IMCs’ formation within the microstructure. The
literature reports some papers that deal with the joining of Al
to Cu using FSSW.Recently, Pandey et al. [8] investigated the
influence of welding parameters such as tool rotation speed,
pin tool profile, welding speed, and tool offset position on
FSW of aluminum alloys. They indicated that both the tool
rotational speed increase and the threaded pin tool result in
high heat generation and enhancement of material flow. This
improves the tensile strength and the ductility of the weld joint
[8]. On the other hand, Gaohui et al. [9] studied the effect of
dwell time parameter and concluded that the tensile shear
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failure increases when increasing dwell time in the interval of
1 to 5 s. A further increase of the dwell time up to 9 s decreases
the tensile shear strength. Gaohui et al. [9] revealed the pres-
ence of brittle and harmful Al2Cu, AlCu, and Al4Cu9 precip-
itates at the interface of Al/Cu FSSW joints. They noticed a
close dependency of the tensile shear strength on the dwell
time. Similarly, Shiraly et al. [10] concluded that the tensile
shear strength of Al/Cu FSSW joints increases with the tool
rotation speed. They obtained an optimal value of the tensile
shear strength for 1400 rpm tool rotation speed. Heideman
et al. [11] investigated the effect of both the pin length and
tool rotation speed on the microstructure of Al/Cu FSSW
joints. They concluded that the rotation speed has the most
significant effect on the weld strength while the average weld
strength increases with the pin rotation speed. It should be
noted that several IMCs have been identified after friction stir
welding (FSW) and FSSW of Al to Cu, such as Al2Cu and
Al4Cu9 [9, 12–15], AlCu [9, 12, 16–18], Al2Cu3 [12, 19], and
AlCu3 [10, 12]. The size and amount of these IMCs are crucial
factors that may control the mechanical behavior of the FSSW
joint. The formation of intermetallic layer depends on both the
operating conditions and the welding process being used.
Zhang et al. [20] highlighted the presence of a thick interme-
tallic layer of 18μm in a Cu/Al FSW lap joint, while Xue et al.
[15, 21] revealed the presence of 3 μm continuous IMC layer.
The main conclusion of these studies was that the weld joint
quality is affected when the intermetallic layer thickness ex-
ceeds 4 μm. In practice, the insertion of an interlayer is one of
the technological solutions that were adopted to improve the
FSSW weld joint quality. The chosen interlayer has to ensure
the good material bonding and should modify the chemical
reactions at the weld interface so that the final microstructures
get improved. Moreover, it should control the kinetics of
IMCs’ formation to achieve better mechanical properties of
the weld joint [22]. Saeid et al. [23] studied the FSW of Al/Cu
and revealed the presence of brittle Al2Cu and Al4Cu9 IMCs
that led to the formation of microcracks and destroyed the
weld joint quality. They demonstrated that the use of Zn in-
terlayer at the Al/Cu joint interface reduces the size and
amount of the harmful IMCs and improves the strength and
ductility of the weld joint.

For the dissimilar joining of Al to Cu, the Zn foil was
chosen owing to its chemical affinity with these elements,
relatively, at high temperatures, as indicated by the binary
phase diagrams of Al-Zn and Cu-Zn [24, 25]. Several authors
have examined the use of a Zn foil at the interface between Cu
and Al and highlighted its beneficial effect on the weld joint
quality [22, 26–29]. The insertion of a thin Zn foil at the Al/Cu
FSSW weld joints interface leads to significant improvement
of their tensile behavior through the reduction of the harmful
IMCs amount within the microstructure [29]. The insertion of
Zn between Al an Cu enhances the competition regarding the
formation of CuxZny, AlxCuy, or AlxCuyZnz compounds [22,

26]. This is due to the high chemical affinity between Zn and
Cu, which will subsequently limit the formation of AlxCuy
intermetallic compounds.

Chang et al. [30] noticed that the use of Ni interlayer pre-
vents the formation of Al12Mg17 IMC and enhances the tensile
strength of Al/Mg dissimilar joint of about 66%. In their recent
work, Chatterjee et al. [31] examined the effect of Cu interlayer
on both the microstructure and mechanical properties of the
dissimilar NiTi/Ti6Al4V laser weld joint. They concluded that
the Cu addition favors the formation of Cu4Ti3 and CuNi2Ti
compounds, improves the tensile strength, and prevents the
precipitation of brittle Ti2Ni, Ti3Ni4, and TiO2 IMCs. The same
authors [32] improved the mechanical properties of AISI 316/
NiTi dissimilar weld joint through Cu interlayer addition that
reduced sensibly the amount of brittle IMCs.

Up to date, many research papers are dealing with the join-
ing of Al and Cu using several processes. However, only few
information are available concerning the joining of these ma-
terials using the FSSW process, namely, the effect weld joint
configuration on the weld joint quality and residual stress
state. Thus, this work is a contribution to a good understand-
ing of the dissimilar joining of Al to Cu using different lap
FSSW joint configurations. The effect of Zn introduction (as a
filler metal) on microstructure and weld joint quality has been
examined. Special attention was given to precipitation phe-
nomena and their effect on the mechanical behavior of the
weld joint. The resulting residual stresses’ (RSs) state was
analyzed and correlated to the process parameters. The effect
of these RSs, on the mechanical properties (namely hardness)
of the weld joint, was examined.

2 Materials and experimental procedures

The materials used in this study are sheets of aluminum (Al
1050, 99.50 wt%) and copper (Cu a-1, 99.9 wt%) of 2 mm and
5 mm thicknesses respectively. These materials were joined
using FSSW process with a 0.2-mm-thick Zn interlayer at the
sheet interface. Two experimental configurations were
adopted as illustrated in Fig. 1. The first configuration shows
the Al sheet in the upper position of the lap joint and the Cu in
the lower one (Fig. 1a). The situation was inversed in the
second configuration (Fig. 1b).

For both materials, sheets of 75 × 25 mm2 were prepared
and joined with and without a Zn interlayer. The prepared
sheets were positioned and fixed on a holder made of XC20
steel and fired as illustrated in Fig. 2a. A designed welding
tool (made of H13 tool steel) containing a conical retractable
pin [33] was used. The position of the conical pin can be
adjusted by a suitable clamping bolt in the shoulder depending
on its active length. For configuration #1, the spot welds were
carried out using four different pin lengths as indicated in Fig.
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2b whereas only one pin length (6 mm) was adopted for con-
figuration #2.

The appellation of each welding test includes the letter “P”
(penetration) and the corresponding pin length; for example,
P6 corresponds to the weld performed with 6 mm pin length.
The welds were performed in the same conditions: with a
dwell time of 4 s (the time after the rotating tool was plunged
into the surface) and a rotational speed of 1400 rpm. The
experimental parameters’ details are given in Table 1.

After the welding process, transverse sections were pre-
pared from the several welding conditions for microstructural
analysis. The specimens were mechanically polished with sil-
icon carbide paper down to grade 4000 then with 3 and 1 μm
diamond paste on polishing clothes. They were then electro-
polished using (400 ml H3PO4, 600 ml H2O) and (20 ml
fluoroboric acid in distilled water) for copper and aluminum
respectively. Detailed microstructural analysis was done using
an Olympus BX41 optical microscope and a ZEISS Gemini

500 scanning electron microscope (SEM) operating at 15 kV
and equipped with energy-dispersive spectroscopy system
(EDS-Oxford). The mechanical properties of the different
weld joints were evaluated using tensile shear tests. The di-
mensions and the design of the specimens are shown in
Fig. 3a. For each welding parameter, four shear tests were
performed on an INSTRON universal 50982 tensile testing
machine at a strain rate of 2.6 10−4 s−1. Microhardness mea-
surements were performed on transverse sections of the spec-
imens using a Buehler®microindenter with 50 g load and 15 s
indentation time. In order to map the microhardness, indenta-
tions were spaced at a regular interval of 0.25 mm along sev-
eral horizontal lines throughout the weld joint thickness. The
data were, then, introduced in the “tecplot” software that
allowed the hardness mapping. X-ray diffraction (XRD) pat-
terns were recorded on a Bruker D8 DISCOVER diffractom-
eter operating at 45 kV and 40 mA using Cu-Kα radiation
(λ = 1.54 Å). The diffraction patterns were collected in the

Fig. 2 Schematic illustration of a
sheets’ fixture setup and b
retractable threaded conical pins
and pinless tool

Fig. 1 Schematic illustration of employed FSSW lap joints. a Configuration #1. b Configuration #2
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range of 20–120° in 2θ with a step size of 0.02°. The peak
indexation was performed using the PDF4 crystallographic
database within EVA software. Residual stresses (RSs) anal-
ysis was performed bymeans of the sin2ψmethod, in line with
[34] following the methodology given in the NF EN 15305
European standard [35]. The X-ray diffractometer was cali-
brated using a set of Al and Cu standards. For these measure-
ments, twenty angles varying from − 70° to + 70° were cho-
sen. The εϕψ strain was evaluated with the {4 2 0} atomic plane
situated at 2θ = 144° for Cu and with {4 2 2} one at 2θ = 138°
for Al. The RSs were estimated using elastic constants: the
Young modulus (ECu = 100 GPa, EAl = 71 GPa), Poisson

coefficient (νCu = 0.3, νAl = 0.3), and anisotropic factor
(ARX= 1).

In order to determinate the RSs values, the following equa-
tions were used:

The strain εhklcan be given by Eq. (1):

εhkl ¼ dhkl−do
do

ð1Þ

where d0 is the lattice spacing of a stress-free plane. In
order to determine the RSs in the longitudinal and transversal
directions, measurements should be done in several directions,

Fig. 3 a Geometry and
dimensions of tensile shear
specimen. b Positions of residual
stresses measurements

Table 1 Summary of the used
process parameters Spot

weld
Pin plunge depth
(mm)

Configuration Nomenclature of
specimens

Rotational speed
(rpm)

Dwell time
(s)

Without
Zn

With Zn

Al/Cu

Al/Cu

Al/Cu

Al/Cu

Cu/Al

6

3

1.5

0

6

#1

#1

#1

#1

#2

P6

P3

P1.5

P0

P6#2

P6-Zn

P3-Zn

P1.5-Zn

P0-Zn

P6-Zn-#2

1400

Idem

-

-

-

4

Idem

-

-

-
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characterized by the ψ angles. The values of these various
directions can, then, be used to derive the RSs.

The basic equation for the stress calculation is given as
follows:

dhkl−do
do

¼ 1

2
s2 σ11cos

2φþ σ12sin2φþ σ22sin
2φ−σ33

� �
sin2Ψ

þ 1

2
s2σ33 þ s1 σ11 þ σ22 þ σ33ð Þ

þ 1

2
s2 σ13cosφþ σ23sinφð Þsin2Ψ

ð2Þ

where s1 and 1
2 s2 are the diffraction elastic constants given

in Eqs. (3) and (4).

s1 ¼ −v
E

ð3Þ
1

2
s2 ¼ 1þ v

E
ð4Þ

E and v are Young’s modulus and Poisson’s ratio
respectively.

The longitudinal and transversal RSs were analyzed in par-
allel and perpendicularly to the sheets’ rolling directions re-
spectively. The XRD penetration depth for stress determina-
tion was about 20 μm. All the collected data were analyzed
using LEPTOS™ software. The chosen positions for RSs
measurements in a typical sample are shown in Fig. 3b.

3 Results and discussion

3.1 Effect of process parameters on the FSSW weld
joint quality

Figure 4 illustrates the microstructures of both Al and Cu base
metals (BMs). The Al microstructure exhibits elongated grain
morphology (Fig. 4a) according to the rolling direction of the
sheet. The Cu microstructure exhibits quasi-equiaxed grain

morphology due to their recrystallized state (Fig. 4b). The
corresponding average grain sizes were 215 μm and 28 μm
for Al and Cu respectively.

The macrographic views of the transverse cross sections of
the different weld joints obtained from configuration 1 are
depicted in Fig. 5a–h. A qualitative visual inspection of the
welds indicated the absence of apparent defects, except for the
P0 #1 sample without Zn interlayer that was not joined due to
lack of heat input, at the sheet interface, as shown in Fig. 5h. A
clear variation of the keyhole morphology according to the pin
length can be noticed through Fig. 5a–h. For the configuration
#1, a specific shape is observed at the sheet interface for pin
lengths of 3 and 6 mm as illustrated in Fig. 5a–d. During the
plunging movement of the pin, the Al material was pushed
downward, and the Cu sheet was gradually extruded upward
into the upper side of the Al one, because of the Cu plastic
flow, which led to the formation of the swirl flow. This shape
is labeled in the present work as “hook ring.”A similar shape,
called “copper ring,” was previously reported in the literature
[11, 12]. The macrographs corresponding to configuration #2
for 6 mm pin length are shown in Fig. 5i–j.

The figures show a stamping of the Cu sheet within the Al
one without materials’ intermixing at the interface. This be-
havior is due to the difference in the mechanical properties of
Cu and Al, especially their hardness. Figure 6a, b shows the
tensile shear testing results for the different process parameters
used in this study.

Table 2 summarizes the tensile shear properties determined
from Fig. 6 for configurations #1 and #2 conducted using
6 mm pin length.

For both configurations, the FSSW joints, obtained using
6 mm pin length, depicted better tensile properties in compar-
ison with other pin lengths. This can be attributed to the in-
creased heat flow induced by the deep penetration of the pin
(6 mm). In addition, the tensile properties of the weld joint,
conducted using the Zn interlayer (Fig. 6b), were remarkably
improved compared with those obtained without Zn (Fig. 6a).
It should be noted that the FSSW joints obtained from config-
uration #1 exhibited better tensile properties than those of
configuration #2. This is due to the creation of an important

Fig. 4 Optical micrographs of the
as-received base materials. a Al
and b Cu
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“hook ring” at the sheet interface as described before in Fig. 5a
and b. Similar effect of the pin length on the FSSW joint

quality was reported in the literature [11]. The P0 #1 and
P1.5 #1 FSSW joints showed insignificant tensile behavior

Fig. 5 Optical macrographs of
FSSW joints. a–h Configuration
#1. i–j Configuration #2

Fig. 6 Tensile shear testing load-displacement curves of the different FSSW joints a without Zn interlayer and b with Zn interlayer

1558 Int J Adv Manuf Technol (2020) 111:1553–1569



due to the absence of materials’ intermixing as described be-
fore. These results revealed the significant role of the Zn in-
terlayer in the bonding of Cu and Al during the FSSW pro-
cess. They also highlighted the beneficial effect of the “hook
ring” on the tensile properties of the investigated dissimilar
Cu/Al FSSW joints. In fact, when the softer metal (Al) was
placed in the upper position of the dissimilar lap joint, the flow
of the harder one (Cu) provoked the formation of a “hook
ring” around the keyhole. This reinforced the tensile behavior
of the weld joint during shear testing. These results are differ-
ent from those published in the literature [36–39] for homo-
geneous FSSW joints, where the hook was considered as a
source of crack initiation along its tip during loading. It can be
noticed from Figs. 5 and 6 that the FSSW joints realized using
6 mm pin length exhibited the best shear properties and mac-
roscopic appearance. Thus, only these cases will be consid-
ered for microstructural and mechanical behavior investiga-
tion in the rest of the paper.

Figure 7a–d shows macroscopic views of the fractured
FSSW joints obtained using a 6-mm pin length after tensile
shear testing. For both configurations, the weld joints conduct-
ed without Zn interlayer exhibited a typical interfacial failure
mode characterized by a complete nugget de-bonding (Fig.

7a, c). However, the lap joints conducted using Zn interlayer
revealed a better fracture behavior, called also “plug fracture
mode” [40] (see Fig. 7b, d). In fact, the Zn addition improved
the weld joint quality and prevented its total fracture during
shear testing. In this case, the shear testing resulted in the
formation of cracks at the edge of the hook ring tip (Fig. 7b
and d). It should be noted that the crack size observed in the
specimens obtained from configuration #1 (Fig. 7b) was less
than that of the specimens obtained from configuration #2
(Fig. 7d). Figure 8a–e shows the fracture surfaces of FSSW
joints obtained using 6 mm pin length for both configurations
#1 and #2.

The fracture surfaces of the lap joints conducted without Zn
interlayer were characterized by intense cracking phenome-
non (Fig. 8a–d) in both Al and Cu materials. The observed
cracking phenomenon was attributed to presence of brittle
intermetallic compounds (IMCs) such as Al4Cu9 that were
identified by EDS analysis. The presence of these intermetal-
lic compounds in Al/Cu weld joint was considered as the
major factor of their fracture during loading as reported by
Zhao et al. [41]. (Detailed investigation of the precipitation
phenomena is given in the next section). The fracture surface
of the lap joint obtained using Zn interlayer (configuration #2)

Fig. 7 Macroscopic views of fractured specimens prepared from P6 joints a and cwithout Zn and b and dwith Zn interlayer for configurations #1 and #2
respectively

Table 2 Tensile shear properties and fracture location for the different welding conditions

Joint P6-Zn #1 P6 #1 P6-Zn #2 P6 #2

Failure load (N) 3600 ± 150 1650 ± 50 2750 ± 250 1800 ± 100

Displacement at the onset of damage (mm) 2.6 ± 0.5 1.1 ± 0.2 2 ± 0.3 1 ± 0.1

Mean value of engineering strain at the
onset of damage (%)

3.5% 1.4% 2.6% 1.3%

Fracture location Plug failure mode Interfacial failure mode Al HAZ Sharp decohesion at the Al/Cu interface
(interfacial failure mode)
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revealed the presence of brittle areas and some dimples that
characterize ductile fracture mode. These findings are in good
agreement with those published by Lee et al. [18] and Han
et al. [42]. These results support well the observations given in
Fig. 7 and the tensile behavior given in Fig. 6. It should be
noted that the fracture surface of the specimen shown in Fig.
7b (P6-Zn #1) was not presented in Fig. 8 as its failure was not
achieved during the shear testing.

3.2 Microstructure and precipitation phenomena
around the keyhole

The microstructural evolution around the keyhole is shown in
Fig. 9a–e at low magnification. Based on the observed grain
size and morphology, three main regions are distinguished: (i)
the stirred zone (SZ), the thermomechanically affected zone
(TMAZ), and the heat-affected zone (HAZ). The presented
micrographs depict apparent change in the grain size and mor-
phology across the different regions of the weld joint. This is
due to the strong plastic deformation of the material during the
stirring process.

A comparison between the configuration (#1) and (#2) led
to highlight two types of stirred zones (SZ) around the key-
hole. In configuration #1, the tool pin penetrated both Al and
Cu sheets. Thus, two SZswere formed in both Al (Fig. 9a) and
Cu (Fig. 9b). In configuration #2, the tool pin penetrated only
the upper sheet (Cu). Thus, the SZ was generated only in Cu
(Fig. 9c) because the Al sheet had no direct contact with the
tool pin as shown in Fig. 9d. For this configuration, only the
HAZ and the TMAZ were observed in the Al sheet as illus-
trated in Fig. 9e.

The microstructural evolution across the FSSW joint for
the configuration #1 (with Zn interlayer) is given in

Fig. 10a–f. For the Al sheet, the SZ microstructure
(Fig. 10a) was composed of highly refined grains compared
with the other regions of the FSSW joint. This is due to the
strong thermomechanical forging of the material coupled to
the stirring action of the rotational movement of the welding
tool. For the Cu sheet, the SZ microstructure (Fig. 10b) exhib-
ited remarkable change in the grain size and morphology
around the keyhole. In fact, the tool rotation movement com-
bined to the forging force heat and stirred the parts of the
joined materials at the pin vicinity.

This allows a strong grain fragmentation and formation of
dislocation loops through intragrannular slip mechanism lead-
ing to subgrain formation within the microstructure. Mimouni
et al. [43] reported that the high plastic strain level resulting
from the dislocation accumulation at the subgrain boundaries
causes the rotation of these subgrains in relation to each other.
According to Huang et al. [44], these dislocation loops are
transformed to new recrystallized grains having various crys-
tallographic orientations. It has been stated by several authors
[16, 29, 45] that the fine grain microstructure of the nugget
zone is formed through a continuous dynamic recrystallization
process rather than a discontinuous dynamic recrystallization
one. Su et al. [46] andMroczka et al. [47] pointed out that, due
to short time duration of the welding operation, the micro-
structure of the stirred zone is not completely restored at the
end of the process and may contain dislocations with different
structures and densities.

In addition, the figure illustrates clearly the vortex material
flow caused by the pin rotation movement. It should be noted
that this region contains islands of the Zn interlayer in the
vortex central region. The TMAZ (narrow band between the
stir zone and HAZ) of both Al (Fig. 10c) and Cu (Fig. 10d) is
composed of deformed and fragmented grains that were

Fig. 8 a and b SEM fracture surfaces of the P6 joint (configuration #1)
produced without Zn for Al and Cu respectively. c and d High
magnification SEM fracture surfaces of the P6 joint (configuration #2)

produced without Zn for Al and Cu respectively. eHighmagnification SE
fracture surface of the P6 joint (configuration #2) produced with Zn
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oriented according to the material flow. For both materials, a
slight grain growth was recorded in this region compared with
the SZ. In addition, the TMAZ microstructure is partially re-
covered as reported in other research works [16, 45]. The
HAZ microstructures of both Al (Fig. 10e) and Cu (Fig. 10f)
illustrate a clear grain growth in comparison with those of the
SZ and TMAZ. This is attributed to the heat input generated
during the pin rotation [37, 38]. For configuration #2, the
microstructural changes concern mainly the copper material
(Fig. 11a–c). From a morphological view point, the micro-
structural features depicted in this figure led to distinguish
the following zones:

(i) The SZ (Fig. 11a) that is composed of fine dynamically
recrystallized grains resulting from both high temperature
effect and intense plastic deformation caused by the pin
rotation movement.

(ii) The TMAZ (Fig. 11b) that contains highly deformed and
fragmented grains resulting from the thermomechanical
effect of the process.

(iii) The HAZ (Fig. 11c) which is characterized by remark-
able grain growth in comparison with the SZ and the
TMAZ. The grain growth recorded in this zone (for
configuration 2) was attributed, on the one hand, to the
direct contact between the Cu sheet and the tool shoul-
der and, on the other hand, to the excellent thermal con-
ductivity of Cu. Few annealing twins are also observed
in this region.

The different welding regions described before could not
be distinguished in the Al sheet for this configuration due to
the non-occurrence of the stirring. This was attributed to the
thermomechanical induced softening of the Al material and
stretching deformation of the interface under the high pressure
of the pin. For this configuration, only the TMAZ and the
HAZ were observed. Their microstructures were similar to
those presented in Fig. 10c and e and are not given here for
reasons of conciseness. The microstructural characteristics
and material flow, observed in this study, are in good agree-
ment with those published in other research works [48–52].

Fig. 9 Optical macrostructures (cross sections) of specimens prepared from a and b configuration #1 and c–e configuration #2
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The X-ray diffractograms of the P6 sample (configuration
#1) are given in Fig. 12a, b. In addition to the presence of Al
and Cu peaks, both Al4Cu9 and Al2Cu peaks were also ob-
served at the weld interface of the FSSW joint conducted
without Zn interlayer (Fig. 12a). The diffractograms of the
FSSW joint containing Zn interlayer (Fig. 12b) show the pres-
ence of Al4.2Cu3.2Zn0.7 ternary compound peaks. No Al4Cu9

peaks were detected in this case. Similar results were found in
the diffractograms corresponding to configuration #2. The
figures are not presented for reasons of conciseness.

Figure 13a–d shows SEM micrographs of the cross sec-
tions taken from Fig. 5a and b for configuration #1.
Figure 13a illustrates the SEM image observed in region 1
of Fig. 5b. It shows the presence of large particle fragments

Fig. 10 Optical micrographs (for
configuration #1), respectively: a
SZ, c TMAZ, and e HAZ for Al
material and b SZ, dTMAZ, and f
HAZ for Cu material

Fig. 11 Optical micrographs of the Cu material (configuration #2). a SZ, b TMAZ, and c HAZ
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Fig. 12 X-ray diffractograms (for configuration #1) measured at the weld interface a with Zn interlayer and b without Zn interlayer

Fig. 13 BSE-SEM micrographs
for different regions of Al/Cu
interface. a and bMarked regions
1 and 2 on Fig. 5b, c and d
marked regions 3 and 4 on Fig.
5a, e and fmarked regions 5 and 6
on Fig. 5j and i respectively
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of Cu with irregular sizes scattered and diffused in the Al
matrix. These particles correspond to the IMCs created near
the hook ring due to the increased mechanical stirring effect
along the Al/Cu interface. Similar results were published by
Heideman et al. [11] and Mubiayi et al. [12]. According to
EDS analysis results, the precipitates observed in this figure
correspond to Al4Cu9 and Al2Cu (see Table 3 for the chemical
compositions). Figure 13b shows an SEM image observed in
region 2 of Fig. 5b. It shows the presence of continuous layer
(of about 10 μm thickness) formed along the Al/Cu interface.
EDS analysis confirmed that this layer corresponds to Al2Cu
IMC. Figure 13 c and d show SEM images observed respec-
tively in regions 3 and 4 of Fig. 5a for configuration #1. The
thermomechanical effect of the FSSW process caused the
melting of the introduced Zn interlayer and the dispersion of
its particles throughout Al and Cu sheets. EDS analysis re-
vealed the presence of an interdiffusion region that was com-
posed of Al-(Zn) solid solution as shown in Fig. 13c. These
results are supported by those published by Mokabberi et al.
[53]. In the swirl flow (top of the hook), EDS analysis indi-
cated the presence of Al4.2Cu3.2Zn0.7 IMC (see Table 3 for its
chemical composition).

As shown in Fig. 13d, the layer located near the Al sheet
corresponds to thin Al2Cu precipitates of about 2.07μm thick.
Gaohui et al. [9] attributed the formation of these precipitates
in FSSW joints to the dwell time effect. It should be noted that
the introduction of the Zn foil at the Al/Cu interface reduced
remarkably the thickness of the continuous IMC layer, from
10 to 2 μm (Fig. 13b and d). It also reduced the width of the
hook ring, known to favor the crack propagation, as described
before in Fig. 5 (a–d). These results are well supported by the
work published by Elrefaey et al. [29] who noticed that the Zn
introduction in Al/Cu FSW lap joints suppressed the forma-
tion of the Cu fragments. Figure 13e shows the SEM image
observed in region 5 of Fig. 5j (configuration #2 without Zn).
It indicates the presence of thick intermetallic layer along the
Cu/Al interface. EDS analysis confirmed that this layer was
mainly composed of both Al2Cu and Al4Cu9 precipitates. A
previous study [15] showed that, during dissimilar FSSW of
Cu and Al, the Al2Cu and Al4Cu9 layers dominated the mi-
crostructures of Al and Cu respectively. Abbasi et al. [7]

noticed that Al2Cu had higher size than Al4Cu9 due to the
higher activation diffusion energy of Cu in Al. Figure 13f
shows the SEM image taken in region 6 of Fig. 5i (configu-
ration #2 with Zn) highlights the presence of discontinuous
Al2Cu (for the Al sheet) and Al4.2Cu3.2Zn0.7 (for Cu sheet).
The introduction of Zn interlayer suppressed the formation of
brittle Al4Cu9 IMC at the Cu/Al interface and favored the
formation of the ternary Al4.2Cu3.2Zn0.7 (τ′) phase. This is
due to the chemical affinity between Cu and Zn. Indeed, dur-
ing the FSSW process, the Al-Zn-Cu reaction could occur
through two ways: Firstly, when the Zn foil is melted due to
its low fusion point, it reacts with Cu. Simultaneously, the Al
react with Cu due to their relatively high electronegativity.
This favors the formation of Al4.2Cu3.2Zn0.7 ternary com-
pound. Secondly, owing to the consumption of Zn atoms dur-
ing the reaction with Cu at the interface, Cu and Al react to
form Al2Cu layer at the Al/Cu interface. Several studies [20,
54] explained that the Al4.2Cu3.2Zn0.7 ternary compound
serves as a good diffusion barrier against the formation of
harmful Al4Cu9 IMC. In addition, the AlCu, Al4Cu3,
Al2Cu3, and AlCu3 brittle IMCs, which were often found in
other research works [7, 10, 16, 19], were not observed in the
present study for both configurations #1 and #2 with Zn inter-
layer. These results are well supported by the works of
Balasundaram et al. [27] and Boucherit et al. [54] who noticed
the absence of Al4Cu9 in Al/Cu weld joints containing Zn
interlayer. It should be noticed that, for both configurations
#1 and #2, the introduction of Zn interlayer reduced sensibly
the thickness of the intermetallic layer. In addition, the pres-
ence of thin continuous intermetallic layer at the spot weld
interface improves their tensile strength as reported previously
[9, 55]. However, thick continuous IMCs whose thickness
exceed 3 μm had a harmful effect on the weld joint quality
as reported by Lee et al. [18], Zhou et al. [56], and
Solchenbach et al. [57].

3.3 Microhardness evolution around the keyhole

The Vickers microhardness maps in the transverse sections of
the P6-Zn #1 and P6-Zn #2 joints are depicted in Fig. 14a, b. It
can be easily noticed that the different regions the weld joint

Table 3 EDS analyses results of
the different precipitates at the
spot weld interface according to
Fig. 13

Phases Element content (at.%) Configuration Corresponding figures

Al Cu Zn

Al2Cu 68.25 31.75 - #1 and #2 Figure 13a, b, and e

66.90 30.88 2.22 #1 and #2 Figure 13d and f

Al4Cu9 28.85 71.15 - #1 and #2 Figure 13a and e

Al-(Zn) solid solution 73.71 3.61 22.68 #1 Figure 13c

Al4.2Cu3.2Zn0.7 52.05 34.16 13.79 #1 and #2 Figure 13c and f
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issued from configuration 1 (Fig. 14a) exhibit highmicrohard-
ness level in comparison with configuration 2 (Fig. 14b).

In addition, the SZ exhibited the highest microhardness
values (228 HV). This was attributed to its fine grain micro-
structure according to the Hall-Petch relationship [56, 58]. In
addition, the high hardness level of the SZ can be related to the
presence of the different types of IMCs described above in
Fig. 13. Similar statements were reported by several authors
[18, 56]. Besides, the increase of the microhardness around
the keyhole may be explained by the presence of an interdif-
fusion band as reported by Kuang et al. [59]. According to
Gaohui et al. [9], the high microhardness level around the
keyhole was attributed to the dispersion of hard IMC particles.
These authors explained that the presence of uniform IMC
layer, at the weld interface with an optimized thickness, im-
proved its mechanical properties. It should be noted that the
lowest microhardness values were recorded in the HAZ due,
on the one hand, to the grain growth that occurred in this
region and, on the other hand, to the material softening in-
duced by the weld thermal cycles. The difference in the max-
imum hardness level between configurations 1 and 2 can be
attributed, on the one hand, to the Zn melting and precipitated
IMCs and, on the other hand, to the lack of materials’ stirring
in the case of configuration 2 as described above in Fig. 5i–j.
In fact, because of the Cu sheet thickness (5 mm), the Zn foil
was squeezed out of the sheet interface as described earlier in
Fig. 5j and the Al sheet was stamped without intermingling
with Cu in the SZ. This resulted in the low hardness level
recorded in the SZ of the configuration 2 despite its fine grain
microstructure. According to the map given in Fig. 14b, the
microhardness values varied between 19 and 140 HV0.05. The
SZwas characterized by highmicrohardness level as indicated
previously. The HAZ microhardness ranged between 50 and
65 HV0.05 for Cu and between 19 and 26 HV for Al. These
results are in good agreement with those reported in other
research works [13, 56].

3.4 Residual stress analysis

Figure 15a–d illustrates the longitudinal and transversal RS
distributions for the investigated configurations conducted
with and without Zn interlayer. For both configurations, the

RSs were reinforced at the HAZ/SZ interface because of the
intense thermal gradient, the significant deformation, and the
phase transformations between the Al and Cu materials. The
obtained RSs were of compressive type in the SZ and of ten-
sile type in the HAZ. In the transverse direction, weak tensile
stresses were created in comparison with the longitudinal
direction.

The highest values of the longitudinal RS (Fig. 15a, c) were
recorded around the spot weld center (at a distance comprised
between 5 and 7 mm from the weld center), whereas the trans-
versal RS (Fig. 15b, d) exhibited low values and were gener-
ally of compressive type. Besides, the Zn addition decreased
the RS distribution across the spot weld joint. For configura-
tion #1, the longitudinal RS profile decreased close to the spot
weld center (Fig. 15a, b). As described above, the Zn intro-
duction improved the ductility of the spot weld joint and fa-
vored the good bonding of the materials at the weld interface.
This was also enhanced by the formation of thin continuous
intermetallic layer. The longitudinal RSs distribution were
quasi-symmetric in configuration #1 with Zn interlayer
(Fig. 15a) and a weak tensile RS value of + 20 MPa was
recorded in the HAZ. Weak compressive longitudinal stresses
were also recorded in this case. The spot welds realized with-
out Zn interlayer exhibited higher RSs in the HAZ with an
average value of 35MPa. Figure 15b indicates the presence of
low compressive transversal RSs with amplitude between −
10 and − 30 MPa. The presence of this type of RS may be
explained by the nature of the FSSW process that had no
strong effect on the welded sheets in the transversal direction.
For configuration #2 (Fig. 15c), the maximumRS value (close
to + 60 MPa) was recorded in the HAZ of the spot weld real-
ized without Zn interlayer. This confirms the effect of Zn
interlayer addition on the mechanical properties evolution de-
scribed above. In fact, the Zn addition contributed to the
change of the longitudinal RS state across the FSSW joint
from tensile to compressive type with a maximal value of −
60 MPa in the HAZ. Figure 15d shows the distribution of the
transversal RS across the spot welds issued from configuration
#2. For the spot welds conducted without Zn addition, com-
pressive RSs of − 10 MPa and − 50 MPa were recorded in the
SZ and the HAZ respectively. However, the FSSW joints
containing Zn interlayer exhibited tensile RSs of + 5 MPa

Fig. 14 Microhardness mapping across the FSSW joint made using 6 mm pin length and Zn interlayer. a Configuration #1. b Configuration #2
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and + 30 MPa in the SZ and the HAZ respectively. The high
longitudinal RS value recorded in the case of configuration #2
can be explained by the discontinuous character and the size
of the intermetallic compounds described above. In addition,
the grain size values recorded in the HAZ for this configura-
tion that are higher than those obtained in the case of config-
uration #1 contributed to the RS increase in this region. This
result can be attributed to the decrease of the grain interface
density which could enhance the recorded decrease in micro-
hardness values. The RSs’ decrease in the SZ can be attributed
to its improved microhardness resulting from the fine grain
microstructure according to the Hall-Petch mechanism [58,
60]. It is known that the yield stress increase leads to RSs’
decrease [34], since microhardness is directly related to the
yield stress [61, 62], thus, the RSs evolution obtained in this
work can be attributed to the microhardness evolution across
the FSSW joints. It should be noted that the important hook
ring size obtained in configuration #1 contributed significantly
to the improvement of the mechanical properties (paragraph
3.1) through the decrease of the RS amplitude. It is clear that
the use of Zn interlayer (Fig. 15a–d) weakened the compres-
sive RS. This result could be explained by the formation of
intermetallic phases at the spot weld interfaces during process-
ing as mentioned above.

4 Conclusions

The dissimilar friction stir spot welding of Al and Cu was
conducted through two different configurations using Zn in-
terlayer. The main conclusions of this research are summa-
rized as follows:

& The spot weld interface was strongly dependent on the
configuration type. In configuration #1, the location of Al
sheet in the upper position of the lap joint favored the Cu
extrusion upwards into the Al sheet and enhanced a good
intermixing at the weld interface. This promoted the crea-
tion of a conical hook ring around the keyhole that had a
beneficial effect on the weld joint quality. Conversely, in
configuration #2, despite the sufficient pin length, the good
stirring at the weld interface could not be achieved because
of the malleability of Al sheet. A stamped morphology,
resulting from both the strong plastic deformation and the
excessive heat input, was obtained in this case.

& For both configurations, the spot weld joint quality was
sensibly influenced by the pin length and the Zn addition.
The best tensile properties (tensile shear strength and elon-
gation) corresponded to the longest used pin (6 mm). The
introduction of Zn interlayer increased the tensile shear

Fig. 15 Residual stresses distribution across the FSSW joint. a Longitudinal RSs and b transversal RSs for configuration #1. c Longitudinal RSs and d
transversal RSs for configuration #2
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strength of about 118% and 53% for configurations #1 and
#2 respectively.

& Complex precipitation phenomena were recorded around
the keyhole for the weld joints realized without Zn inter-
layer. The introduction of this element at the weld inter-
face reduced sensibly the width of Al2Cu layer and fa-
vored the precipitation of the Al4.2Cu3.2Zn0.7 IMC. This
later prevented the formation of the detrimental Al4Cu9
layers.

& The presence of an intermixing zone with fine grain mi-
crostructure containing thin continuous intermetallic layer
and Zn fragments around the hook ring (configuration #1)
resulted in a high hardness level at the Al/Cu interface.
Conversely, in configuration #2, the Zn foil was squeezed
out of the sheet interface resulting in the absence of mate-
rial intermixing and low microhardness level. The lowest
microhardness values were obtained in the HAZ due to the
grain growth phenomenon.

& Both configuration type and Zn addition affected the RSs
distribution across the spot weld joint. Configuration #1
produced quasi-symmetric distribution of weak compres-
sive and tensile RSs. Besides, the use of Zn interlayer in
this configuration reduced the RS state across the FSSW
joint. This promoted its good mechanical properties in
comparison with the FSSW joints obtained from configu-
ration #2.

& The experimental investigations conducted in this work
recommend the use of Zn interlayer and the location of
the aluminum in the upper position of the FSSW lap joint
and the copper in the lower one for joining these materials.
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