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Abstract: The friction stir lap welding of AISI304 stainless steel to AA7075 aluminium alloy was investigated using the
conventional friction stir welding (C-FSW) and the reverse dual rotation friction stir welding (DR-FSW) processes. In order to
reduce the heat input, a dual rotation tool with a lower shoulder rotating speed was used. The results showed that both processes
provide welds with excellent appearance and free of internal defects. The use of the DR-FSW process with the tool shoulder rotating
reversely at low speed results in larger grain refinement in the nugget and less change in the microstructure of the aluminium alloy
than using the C-FSW. The use of DR-FSW process at low speed of rotation allows to reduce the amount of intermetallic compounds
in the welding interface, but does not prevent their formation. Although DR-FSW welding exhibits tensile strength superior to that
achieved with the conventional process (C-FSW), both exhibit brittle behaviour with fracture at the weld interface.
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1 Introduction

The establishment of aluminium to steel bonding
has a high potential for industrial use because it allows
the combination of low density and good corrosion
resistance of aluminium with the high rigidity and
mechanical strength of the steel. The automotive industry
has great interest not only in the use of these joints,
because it allows to reduce the weight of the vehicles and
consequently the consumption of fuel, but also for
complex applications in the aerospace industry [1]. Since
fusion welding processes are not used in the
establishment of such bonds, because of the large
melting temperature difference and the strong tendency
to form brittle intermetallic compound (IMC) [2], other
processes such as mechanical joining, adhesive bonding
or solid state welding have been tempted. The
mechanical bonds are expensive, not tight and in some
cases it is difficult to control the plastic deformation of
high strength aluminium and high strength steels [3]. On
the other hand, the adhesive bonded joints are sensitive

to extreme environmental conditions and age [4], besides
the requirements of surface treatment and joint geometry.
Solid state welding process such as explosive welding [5]
or friction stir welding [6] has been used in Al-Fe joints
but brittle IMCs such as AlsFe,, FeAl and FeAl; were
found at the weld interface. The formation of these IMCs
can be prevented or decreased by decreasing the
interaction between Al and Fe, as ZHENG et al [6] did,
introducing a Zn foil between aluminium and steel in
FSW in overlapping joints. As the formation of
intermetallic is a thermally activated process, another
way to lessen the formation of IMCs is to reduce the heat
input in the process.

In conventional friction stir welding (FSW), the
speed gradient between pin centre and the maximum
diameter of the shoulder may result in thermal softening
of the weld region or incipient melting of certain heat-
treatable aluminium alloys [7]. To avoid this problem,
the dual-rotation FSW [8] and reverse dual-rotation
FSW [7,9] were proposed as a variant technique. Dual-
rotation technique allows the relative rotational speeds of
the probe and the shoulder to be varied. In other words,

Corresponding author: Hamed JAMSHIDI AVAL; Tel: +98-11-35501808; Fax: +98-11-35501802; E-mail: h.jamshidi@nit.ac.ir

DOI: 10.1016/81003-6326(19)65005-3



Hamed JAMSHIDI AVAL, Altino LOUREIRO/Trans. Nonferrous Met. Soc. China 29(2019) 964—975 965

an optimized combination of rotational speeds for both
probe and shoulder can be selected. It is called
non-rotational shoulder-assisted FSW (NRSA-FSW) [10]
when the rotation speed of assisted shoulder is zero.
However, it can be divided into the co-rotating
dual-rotation FSW (CDR-FSW) [11] and the reverse
dual-rotation friction stir welding (RDR-FSW) [7] when
the rotation speed of assisted shoulder is not zero. LI and
LIU [7,9,11] studied the reverse dual-rotation friction stir
welding of aluminium alloy 2219-T6. They showed that
RDR-FSW results in improving the joint property by
adjusting heat generation through separately designed
tool shoulder and tool pin. Furthermore, they reported
that the coarsening and dissolution degrees of
precipitates in the weld nugget zone (WNZ), shoulder
affected zone (SAZ), thermo-mechanically affected zone
(TMAZ), and heat-affected zone (HAZ) of RDR-FSW
joint were much smaller, as compared with the
conventional FSW joint. LI and LIU [12] examined the
effect of non-rotational shoulder (NRS) tool in friction
stir welding of aluminium alloy 2219-T6. They found
that at a constant welding speed of 100 mm/min,
defect-free joints can only be obtained at a tool rotation
speed of 800 r/min by the FSW, without assistance of the
NRS. However, the NRSA-FSW can produce defect-free
joints in a wider range of tool rotation speeds of
600—900 r/min. Moreover, they reported that the
maximum tensile strength of NRSA-FSW joints is 69%
of the base material. However, that of conventional FSW
is 71.2% of the base material. SHI et al [13—15] studied
the material flow and heat transfer in reversal dual

rotation of 2024 aluminium alloy using a 3D CFD model.

They reported that the reverse material flow due to
reverse rotation of tool probe and shoulder, is beneficial
to the uniform distribution of both the temperature and
microstructure on the advancing and retreating sides of
the welds.

The FSW has been widely reported on joining
aluminium alloy and steel. OGURA et al [16] studied the
mechanical properties and interfacial microstructure of a
friction stir welded AA3003 aluminium alloy/AISI304
stainless steel dissimilar lap joint. They reported that the
strength in the centre region and on the advancing side
was larger than that at the retreating side. FEREIDUNI
et al [17] examined the effect of welding parameters on
the joint interface microstructure and shear strength of
friction stir spot welded AAS5083/St12 alloy sheets. They
found that the formation of a relatively thick
intermetallic layer at the joint interface as well as the
grain growth of aluminium at the exit hole periphery
decrease tensile shear strength of joints. HUANG
et al [18,19] investigated microstructure and material
flow in self-riveting friction stir lap welding of AA6082
aluminium alloy to QSTE340TM steel. They reported

that the synergistic effect of mechanical bonding induced
by the riveting and metallurgical bonding induced by the
Al/Fe intermetallic layer contributed to high strength of
the self-riveting friction stir lap welding joint.
SHAMSUIJJOHA et al [20] studied the effects of plunge
depth, bonding area, and top sheet positions on the
microstructure and mechanical properties of dissimilar
FSW of 1018 mild steel and AA6061. They reported that
a joint efficiency of 58% was achieved when right
handed lap welds were made using the pin tool with
longer pin length. MAHTO et al [21] examined
mechanical properties and microstructural evolutions in
friction stir lap welding of AAA6061 and AISI304. They
found that the fracture occurred outside the weld region,
which indicated that a thinner intermetallic compound
did not have a detrimental effect on the weld strength.
HATANO et al [22] studied the relationship between
intermetallic compound layer thickness with interfacial
strength for dissimilar joints of AAA6061 and AISI304.
They demonstrated that the fracture position can be
determined by the percentage of the joining area via the
intermetallic layer thickness below a threshold value,
which was 0.4 pm.

According to literature, dual rotation tool is a
suitable candidate to avoid over-thermal softening of the
weld region or formation of thick intermetallic
compounds in the dissimilar joint of aluminium and steel
alloys. Up to date, the effect of dual rotation tool on the
mechanical and microstructural behaviours in friction stir
lap welding of AISI304 stainless steel to AA7075
aluminium alloy has less been investigated. In the
present work, an attempt has been made to understand
the effects of reverse dual rotation tool on
microstructures and mechanical properties during the
friction stir lap welding of AA7075-T6 and AISI 304
stainless steel. This was done through comparing it with
the conventional FSW joint. Accordingly, microstructural
evolution and mechanical properties were studied
utilizing optical and transmission electron microscope
and tensile testing.

2 Experimental

The high-strength aluminium alloy 7075-T6 (5.21
Zn, 2.30 Mg, 1.32 Cu, 0.10 Mn, 0.21 Si, 0.37 Fe, Al
balance, in wt.%) with the thickness of 2 mm and 1 mm-
thick 304 austenite stainless steel (18.50 Cr, 8.10 Ni,
0.44 Cu, 1.20 Mn, 0.05 C, Fe balance, in wt.%) were
chosen as the base materials. Plates of dimensions
200 mm x 100 mm were machined and used for welding.
The single-pass friction stir lap welds were conducted
using a friction stir welding machine. Shear overlap
joints were formed so that the overlap length was 50 mm.
Transverse joints were formed on the overlapping sheets.
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The FSW tool was applied on the aluminium side,
because according to AKBARI et al [23] in dissimilar lap
welding of Al to Cu the best results are obtained by
welding from the Al side. It should be noted that the
position control method with 0.2 mm plunge depth was
employed in the welding experiments. Two tools,
conventional and dual rotating (DR)-FSW, with the
inclination angle of 2.5° were used in this study. For
conventional FSW tool, a rotational speed of 1000 r/min
and a traverse speed of 120 mm/min were employed in
welding operations. For DR-FSW tool, a traverse speed
of 120 mm/min and pin and shoulder rotational speed of
1000 and 600 r/min were employed, respectively. The
shoulder rotational speed was decreased in order to
reduce further the heat input in the process [24]. The
DR-FSW tool system is composed of the tool pin,
rotating with the spindle of the FSW machine during the
welding process, and the surrounding assisted shoulder,
rotating reversely by using driving gears mounted on the
tool box. Figure 1 shows DR-FSW tool used in this
study. Both tools have 14 mm in diameter shoulder with
2° conical cavity and a cylindrical pin measuring 5 mm
in diameter and 2.1 mm in length. The AA7075-T6
aluminium alloy was located in the advancing side,

whereas AISI304 was positioned in the retreating side.
Hereafter, the joints made by dual rotating and
conventional FSW tool were referred as DR-FSW and
C-FSW, respectively. The temperature profiles were in
situ measured using the K-type thermocouples with a
0.25 mm-in-diameter wire. Two thermocouples were
inserted at the advancing side and retreating side at a
distance of 3 mm from the weld line.

The cross sections of the joints were used for
metallographic analysis and mechanical tests. The cross
sections were polished using diamond pastes and etched
with a reagent made of 3 mL nitric acid (HNO;), 6 mL
hydrofluoric acid (HF), 6 mL hydrochloric acid (HCI),
and 150 mL H,O. Microstructural analysis was carried
out using transmission electron microscopy (TEM) and
an optical microscope, incorporated with image
analysing software (Clemex—Vision). The grain sizes
were determined based on ASTM E112 and the general
intercept procedure. Microhardness profiles were
measured on the polished cross sections with a test load
of 1 N for 15 s. Tensile shear specimens were removed
transversely to the welding direction, prepared according
to ASTM D1002 standard and tested in tension with a
constant cross head speed of 1 mm/min.

indle

AISI304

©

Fig. 1 Tools and joint design used in this study: (a) DR-FSW; (b) Conventional FSW; (c) Joint design and welding sample dimension
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3 Results and discussion

3.1 Weld morphology

Figure 2 shows the crowns of the welded samples
with little flash formed on both sides of the weld line in
any of the weld series. The crown of the C-FSW joint
shows smooth striations due to the higher rotation speed
of the tool shoulder, with the spacing between striations
of 0.12 mm (120/1000) for C-FSW and 0.20 mm
(120/600) for DR-FSW. According to KRISHNAN [25],
striation spacing is proportional to the traverse/rotational
speed ratio and to the forward motion of the tool in one
rotation. With decreasing the traverse/rotational speed
ratio, the striation spacing is decreased and the weld
surface is smoother.

Fig. 2 Crowns of welded samples: (a) Made by C-FSW tool;
(b) Made by DR-FSW tool

The transverse cross-section of joints made by
DR-FSW and C-FSW is shown in Fig. 3. In both welds,
inserting the rotating pin in the stainless steel causes the
flow of the steel workpiece upwards and causes an effect
similar to hooking. The presence of hook reduces the
effective thickness of the top plate and hence load
bearing area of top plate, during tensile shear testing,
resulting in lower tensile shear strength. The hook size
does insert a deep effect through stress concentration
during loading [26]. Although the rotational speed of the
pin is equal in both the samples, the height of steel part

flow in the joint made by DR-FSW is much lower. The
steel maximum fragment height in the joint made by
DR-FSW and C-FSW is 0.45 and 0.71 mm, respectively.
In other words, the higher speed of the tool shoulder
produces more heat. This results in easier flowing of the
bottom workpiece in the weld nugget and higher amount
of steel fragments in the joint made by C-FSW. The
higher steel fragment height or lower steel fragment
angle means a reduction in the effective thickness of
the aluminium workpiece, which has a great effect on
the joint strength and decreases the load carrying
capacity [27]. Another important point is the orientation
of the hooks around the weld nugget. The hooks’
direction is influenced by the upward flow of material
and the sidewise flow induced by the rotating shoulder.
The upward and to the inside orientation of the steel
fragments in the weld nugget of DR-FSW indicates the
stronger and more dominant upward flow. The reverse
and lower rotation speed of the tool’s shoulder decreased
the sideward flow of steel fragment. In the joint made by
C-FSW, higher material shearing due to higher rotational
speed of shoulder forced the material sideward and
reduced the hook curvature. The fact that the shoulder
rotation is opposite to the pin rotation in the case of the
DR-FSW process can also contribute to the increased
angles referred to. In any case, it can be concluded that it
is possible to achieve the welds with any of the process
variants.

3.2 Weld microstructure

Compared with the joint welded by the conventional
FSW, the weld zones in the DR-FSW joint are similar
and can be divided into the weld nugget zone (WNZ), the
thermo-mechanically affected zone (TMAZ), the heat
affected zone (HAZ) and base material (BM). The
different weld zones and microstructure of WNZ in the
aluminium and steel part are shown in Figs. 3 and 4,
respectively. Grain size in stainless steel and aluminium
alloy base metals was (52+3) and (48+5) um (Figs. 4(a)
and 4(b)). Similar to the previous researches, the nugget
region consisted of equiaxed grains (Figs. 4(c—f)). The
dynamic recrystallization mechanism in steel and
aluminium was different due to the difference in the
staking fault energy (SFE) [28]. However, the
recrystallized grains were observed on both sides of the
aluminium and steel in the WNZ. This microstructure
represented the occurrence of dynamic recrystallization
in this region [29,30]. The heat input has a significant
effect on the recrystallization at the stir zone [31]. The
grain growth is prominent at high temperature, which
results in increased grain size as heat input increases. The
recrystallized grain size on the aluminium side of WNZ
in the joint made by C-FSW and DR-FSW is (8.3+0.2)
and (5.240.3) pm, respectively. The grain size in the
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Advancing side

Fig. 3 Macrostructures of welded sample: (a) DR-FSW; (b) C-FSW

WNZ of DR-FSW sample is finer than that in the joint
made by C-FSW (Figs. 4(e) and (f)), which suggests
lower heat input and lower driving force for the grain
growth in the joint made by DR-FSW. It is noteworthy
that most changes in the WNZ grain size are seen on the
aluminium side and there is no appreciable difference
inthe grain size on the steel side (Figs. 4(c) and (d)). The
recrystallized grain size on the steel side of WNZ in the
joint made by C-FSW and DR-FSW is (5.3£0.4) and
(4.840.3) um, respectively, confirming the earlier
observation of lower heat generated in the DR-FSW
process.

Figure 5 shows SEM images of joint interface of the
welded samples. According to the EDS results of the
various points, the analyses of points A and B in both

Retreating side

samples were related to steel and aluminium base metals,
respectively. According to the chemical composition of
the steel fragment interface with aluminium matrix (point
C), this point contained 45 at.% Al and 40 at.% Fe,
which suggests the likelihood for the formation of
intermetallic compounds (IMCs) close to the FeAl
SEM/EDS analysis showed that the interconnection and
thickness of these IMCs in this sample are far greater for
C-FSW welds than for DR-FSW. In addition to steel
fragments, alumina and iron-rich compounds are also
observed in the aluminium matrix of both welds, as
shown in Fig. 5.

The mechanical properties of age-hardening
aluminium alloys strongly depended on the type,
morphology, and distribution of precipitates. In the
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P T

Fig. 4 Optical metallography images: (a) Base metal of AISI 304; (b) Base metal of AA7075; (c) WNZ at AISI 304 side of sample
C-FSW; (d) WNZ at AISI 304 side of sample DR-FSW; (¢) WNZ at AA7075 side of sample C-FSW; (f) WNZ at AA707 side of
sample DR-FSW

Al-Zn—Mg—(Cu) system (7xxx alloys) with Mg-to-Zn
ratio lower than 0.5, the precipitation sequence was
generally reported as SS — GP zones (MgZn) — ' —
n(MgZn,) [32]. Most of the strength was associated with
the precipitation of GP zones and #' semi-coherent
phases. Losses in strength could be found due to
dissolution, coarsening or over ageing of the precipitates
in the 7xxx alloys. Due to small differences in size
between aluminium and solute in AA7075, spherical GP
zones were formed [33], whereas the 5’ phase presents as
round or plate shape particles. The n phase precipitated
in various shapes such as plates, rods and Ilaths,
depending on the orientation relationship [34]. Figures
6(a) and (b) show that the TEM microstructure of
AA7075-T6 base metal contained very small (4—8 and
10—80 nm) precipitates and low dislocation density. SU
et al [35] and FULLER et al [36] showed that #' and #
were coarser precipitates and the GP zones were the
smaller ones. The HAZ of both DR-FSW and C-FSW

showed dissolution and coarsening of strengthening
precipitates (Figs. 6(c) and (d)). Moreover, the
precipitate free zone (PFZ) (due to grain boundaries)
acting as sinks for vacancies as well as heterogeneous
nucleation sites could be seen in the HAZ. Compared to
HAZ of C-FSW joint, finer precipitates with higher
density and narrower PFZ were formed in the HAZ of
DR-FSW joint. This was due to lower heat generation
and temperature in the HAZ of DR-FSW joint which
result in decreasing diffusion rate. The TMAZ of joints,
either DR-FSW or C-FSW, contained low-angle grain
boundary, cellular recovery structures, and dislocation
(Figs. 6(e) and (f)). The heat and plastic deformation
during FSW changed size, type and distribution of
precipitates. The precipitates coarsening due to more heat
generation was more visible in the TMAZ of C-FSW
joint. According to temperature measurement in TMAZ
of both the joints, the peak temperatures in TMAZ of
DR-FSW and C-FSW were 380 and 415 °C, respectively.
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rface of welded samples: (a, a;) DR-FSW; (b, b;) C-FSW

Fig. 5 SEM images of joint inte:

The peak temperature in the TMAZ was higher than the
solution temperature of 7' phase [37], which could result
in dissolution of the precipitates and heterogeneous
distribution. The coarsening of the precipitates is much
less and more homogeneous in the DR-FSW joint
certainly due to the lower temperatures reached in the
process.

Figure 7(a) shows the thermal cycles measured on
the feed side of both welds. Also, the density of the
dislocations in DR-FSW is much higher compared to the
C-FSW joint. The higher temperature, 410 °C in the
DR-FSW and 480 °C in the C-FSW joints (see Fig. 7(a)),
and sever plastic deformation in the SZ, resulted in more
dissolution, coarsening of precipitates, and lower
dislocation density, as compared to TMAZ (Figs. 6(g)
and (h)). However, higher temperature in the C-FSW led
to more dissolution of the existing precipitates and lower
dislocation density in the SZ. The higher temperature in
the SZ of C-FSW resulted in an extreme change in
heating and cooling rate (see Fig. 7(b)). According to
Ref. [38], this extreme change produced solid solution in
the SZ. Therefore, this zone could respond well to
natural aging after welding. In short, the use of the
DR-FSW process instead of the C-FSW reduces the heat

generated in the process which influences the formation
of intermetallic compounds in the weld, refines the grain
in the nugget and produces less change in the
microstructure of the aluminium alloy.

3.3 Mechanical properties

Figure 8 shows the hardness distribution in the
transverse cross-section of the welds. A significant
heterogeneity in hardness distribution could be seen
among different weld zones. As commonly found in
friction stir welding of age-hardening aluminium
alloys [39—41], a significant softening took place in the
SZ, TMAZ and HAZ, as compared to the aluminium
base material. On the other hand, due to strain hardening
and dynamic recrystallization in the vicinity of the
interface, hardness increased as compared to AISI304
base metal. However, the minimum hardness in the
aluminium part of joint C-FSW was lower than that in
the DR-FSW joint, 60.4 and 65.1 HV,; for C-FSW and
DR-FSW joint, respectively. As discussed earlier, a
higher temperature and more over-aging occurred in the
TMAZ, SZ and HAZ of the C-FSW joint result in larger
hardness decrease. However, there was not much
difference in the hardness of the stainless-steel part in the
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Fig. 6 TEM bright field images of different zones of AA7075 side: (a) Base material of AA7075-T6; (b) Base material of AA7075-T6
with higher magnification; (c) HAZ of joint made by C-FSW tool; (d) HAZ of joint made by DR-FSW tool; (¢) TMAZ of joint made
by C-FSW tool; (f) TMAZ of joint made by DR-FSW tool; (g) SZ of joint made by DR-FSW tool; (h) SZ of joint made by DR-FSW
tool
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vicinity of the interface. The increasing SZ hardness, as
compared to TMAZ, could be related to steel pieces and
intermetallic compounds formed in this zone. This also
stood true for some reprecipitation of strengthening
precipitates in this zone. This hardness increase could be
seen in the microhardness profile at weld centre line and
at a distance of 0—0.5 mm from the upper surface of
SS304 base metal, as indicated with arrows in the
images.

Examples of the load—displacement curves of
welded samples are shown in Fig. 9(a). The mechanical

behaviour is similar for both welds; however, the C-FSW
welding has lower load and elongation at break than the
DR-FSW weld, which suggests better ductility of the
latter. In both weld series, the fracture occurred in the
interface of the welds. These fractures present brittle
character due to the presence of intermetallic
compounds.

The XRD spectra obtained on the fracture surfaces
of both welds revealed the presence of FeAl intermetallic
compound in both welds (see Fig. 10). In the dissimilar
joint of aluminium and steel alloys, intermetallic
compound is usually generated. When intermetallic
compound forms in the joint, it leads to a remarkable
decrease in the tensile strength of the joint [42]. In the
joint of a solid-state joining process, the formation of the
intermetallic compounds can be limited by selecting
suitable joining parameters to control the temperature
and time in the joint. The joint interface temperature and
the thickness of the intermetallic compound at the
interface during friction stir welding are decreased with
the decrease of welding heat input. This shows that
although the DR-FSW process generates less heat in the
weld than the C-FSW process, producing smaller
structural changes, it had no inhibitory effect on
intermetallic compound formation in the joint interface.
The maximum load bearing capacity of joint C-FSW was
lower than that in the DR-FSW joint, 18 and 20 kN for
C-FSW, and DR-FSW joint, respectively. The lower
strength of the C-FSW joint can be related mainly to the
presence of the hard and brittle intermetallic compound
at the weld interface, as observed by WANG et al [43].
This calls into question of the possibility of obtaining
Al-steel welds by friction stir welding, resorting only to
the reduction of heat-input in the process.
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4 Conclusions

(1) The C-FSW and DR-FSW processes allow the
production of dissimilar welds with good surface
appearance and free of internal defects.

(2) The higher speed of the tool shoulder produced
more heat, which resulted in easier material flow of the
bottom workpiece in the weld nugget and higher amount
of steel fragments in the joint made by C-FSW. The steel
fragment height in the joint made by DR-FSW and
C-FSW is 0.45 and 0.71 mm, respectively. The higher
curvature of steel part in the joint made by C-FSW tool
reduced the effective thickness of the aluminium
workpiece and the joint strength. The maximum load
bearing capacity of joint C-FSW was lower than that in
the DR-FSW joint, 18 and 20 kN for C-FSW and
DR-FSW joint, respectively.

(3) Lower heat generation and temperature in the
HAZ of the DR-FSW joint result in finer precipitates
with higher density and narrower PFZ. Also, the density
of dislocations in DR-FSW is much higher compared to
the C-FSW joint.

(4) Higher temperature and more over-aging
occurred in the TMAZ, SZ and HAZ of joint C-FSW,
resulting in lower minimum hardness in the aluminium
part of C-FSW joint. The minimum hardness in the
aluminium part of joint C-FSW and DR-FSW joint was
60.4 and 65.1 HV;, respectively.

(5) The reduction of heat generated in the DR-FSW
process reduced the amount of intermetallic compounds
at the interface but it was not sufficient to ensure good
mechanical behaviour of the weld.
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