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� A new arc and friction stir hybrid
welding process was successfully
developed to join aluminum to steel.

� Optimizing the BC-MIG welding
process parameters could reduce the
thickness of brittle intermetallic
compound layer to within 1.5 lm.

� The hybrid welded joints provided
superior mechanical properties with
fractures in the aluminum base metal.

� The relationship between
microstructure, mechanical strength
and fracture mechanism was
analyzed.
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In this study, arc and friction stir hybrid welding (AFSHW) was proposed to weld aluminum-steel dissim-
ilar metals in attempt to realize high quality joining. Firstly, an interlayer was produced on galvanized
steel by using bypass current-metal inert gas welding (BC-MIG), and then an aluminium plate was jointed
via Friction stir lap welding (FSLW). The effects of tool pin length and FSLW times on the microstructure
and mechanical properties of dissimilar joints were fully investigated by means of Optical Microscopy
(OM), Scanning Electron Microscope (SEM), Electron Backscatter Diffraction (EBSD), and mechanical test-
ing. The results show that as pin length increased, joint strength tended to increase and then decrease, and
the tensile failure partially occurred at aluminium base metal. However, with additional number of FSLW,
joint strength would be reduced, which was attributed to attenuated dislocation density and strain con-
certation in dissimilar joint. The research outcomes will provide a new welding method to obtain sound
Al-Fe dissimilar metal joint, and benefit to a better understanding of Al-Fe joining mechanism.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction high specific strength, and steel has the advantages of high
Lightweight design, energy saving and emission reduction have
become the consensus of manufacturing industry [1]. Aluminum
and its alloy characteristics low specific gravity, low density and
strength and high creep resistance, which could be combined as
a promising structure to reduce weight [2]. However, due to the
difference in the thermophysical properties, it is difficult to join
aluminum and steel as the brittle intermetallic compound (IMC)
easily generates at the interface of two metals, thereby impeding
its wide application [3]. The joining of aluminum and steel has
attracted a lot of attention from both academic and industrial
sectors.
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To achieve a reliable connection of aluminum-steel dissimilar
metals, the defects, including porosity, residual stress, crack and
the thickness of IMC layer need to be controlled. As a solid-state
welding method, explosive welding was known for its high ability
to connect dissimilar metals [4]. Industrial production usually used
transition joints prepared by explosion welding to achieve the con-
nection of aluminum-steel dissimilar metals, but where structure
thickness and production costs are increased spontaneously. Low
heat input welding methods, melt-brazing using arc or laser, have
also been paid a lot of attention in recent years [5]. It is found that
applying the melt-brazing can effectively suppress the generation
of brittle IMCs and reduce the thermal stress at the interface of dis-
similar joint. For Al-Fe joints, Mathieu et al. [6] showed that when
the thickness of IMC layers was controlled in around 10 lm, IMCs
had almost no effect on joint strength. Mehta et al. [7] further
found that the thickness of IMC layer within 2 lm helped to
improve the interface strength of aluminum-steel. Zhang et al.
[8] successfully jointed 1 mm aluminum plate and 1 mm galva-
nized steel plate by using CMT and found that the HAZ near alu-
minum side had inferior properties compared to interface, even
the thickness of IMC layer exceeded 40 lm. Since the melt brazing
joints of aluminum-steel have a dual character, with a melt part on
the aluminum side and a brazing part on the steel side [9], Fe-Al
melt-brazing joints require both controlling interfacial IMCs
growth and avoiding HAZ softening.

Friction stir welding (FSW) can be performed at the relatively
low temperature with short thermal cycles, thereby it can be used
to reduce porosity, residual stress and thickness of IMC layer [10].
Ibrahim et al. [11] studied the effects of process parameters on the
mechanical properties of aluminum-steel FSW joints and found
that applying high welding speed and rotation speed could lead
to surface void defects, high welding speed and low rotation speed
could bring weaken bounding to the interface, and low welding
speed and high rotation speed could produce a large amount of
IMCs. Elrefaey et al. [12] indicated that when tool pin was slightly
inserted into steel surface, mechanical properties of aluminum-
steel joints presented a significant improvement due to the forma-
tion of a thin IMC layer. However, it is difficult to control pin depth
during welding and a small difference in pin depth can cause
extensive defects or IMCs [13,14]. Overall, FSW parameters exhi-
bits only a limited range to obtain good aluminum-steel dissimilar
joint without any defects. Moreover, steel material often has large
hardness that will accelerate pin wear and tear, meanwhile worn-
out tool materials still remain at the joint, which will affect the
joint’s chemical composition. Huang et al. [15] designed a pin with
a circumferential notch to eliminate hook defects and reduce the
wear rate of pin in FSLW. However, this method does not solve
the wear problem of steel-to-pin. Zheng et al. [16] proposed a
method of adding Zn foil as an interlayer to avoid direct insertion
of pin into steel during aluminum-steel FSLW. However, Fe-Al
joints with Zn interlayers cannot survive the high temperature
on account of low melting point of Zn. Zhou et al. [13] friction sur-
faced an aluminum alloy interlayer on the steel surface before
FSLW, and the pin was inserted into the interlayer instead of stir-
ring steel plate to avoid pin wear, and this interface layer was rec-
ognized as an aluminum-steel diffusion layer. However, the
interface strength between interlayer and steel is low due to void
defects caused by friction surfacing. Zhang et al. [17] proposed a
Table 1
Chemical compositions of AA6061, Q235 and ER4043 (wt%).

Material Al Fe Si Cu Mn

AA6061 Bal. 0.7 0.6 0.25 0.15
Q235 – Bal. 0.22 – 0.48
ER4043 Bal. 0.8 5.0 0.3 0.05
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method of friction stir brazing that used a thin pure aluminum
plate as a interlayer to join steel and aluminum by thermomechan-
ical action with a large diameter shoulder without pin, which
solved the problems related to FSLW (e.g. pin wear, narrow bond-
ing area, hook defects). Unfortunately, the bonding force at the
aluminum-steel interface is weaken due to insufficient heat input.
The torsional fracture is prone to occur at the top of aluminum
plate due to the strong torsional deformation of large diameter
shoulder.

Accordingly, a novel welding method should be proposed by
combining arc melt-brazing and FSW to overcome their own indi-
vidual shortcomings in joining dissimilar metals. In this study, arc
and friction stir hybrid welding (AFSHW) were used to realize a
good connection between aluminum and steel dissimilar metals.
Firstly, an aluminum interlayer was coated on the surface of sub-
strate steel by using BC-MIG, and then aluminum plates were
welded by FSLW using multi-pass path. It is expected that such a
new process can fully resolve not only the problems derived from
the shortcomings of porosity, thick IMC layer, narrow bonding area
and heat affected zone softening in melt-brazing, but also that of
pin wear, narrow process parameters, hook defects in FSLW, which
cannot be addressed by other known single method. The
microstructural observation, including phase composition, grain
size, orientation and texture was performed on an optical micro-
scope (OM), scanning electron microscope (SEM) and electron
backscatter diffraction (EBSD), aiming at the better understanding
of interface connection. Particularly, the influence of FLSW times
and tool pin length on the microstructure and mechanical proper-
ties were fully explored.
2. Experiment

The experiments were conducted on AA6061 aluminum alloy
plate and Q235 galvanized steel plates with a dimension of
200 mm � 80 mm � 3 mm (length � width � thickness). The
chemical compositions were listed in Table 1. Zn coating could
improve the wettability of liquid aluminum on steel substrate sur-
face. The filling material was ER4043 wire with a diameter of
1.2 mm, and its chemical composition was also shown in Table 1.
Si elements in wire can inhibit IMCs growth in Fe-Al joints [3].

A schematic diagram of AFSHW process was shown in Fig. 1 (a).
The process was mainly divided into two steps. Firstly, an inter-
layer was coated on the surface of galvanized steel using BC-MIG
welding. The welding parameters were listed in Table 2. Bypass
current was used to reduce the heat input of base metal. The
water-cooled plater was applied to improve cooling rate. As shown
in Fig. 1 (b), MIG welding torch was set to 60�with substrate. TIG
torch was set to 30�with substrate and perpendicular to MIG torch,
which can allow large heat input to melt welding wire instead of
into base metal. In addition, the bypass arc before MIG arc along
the welding direction could preheat steel plate by arc heat to
reduce the surface tension of liquid aluminum on the steel base
metal, thus improving the wettability and spreading of liquid alu-
minum [18].

Secondly 6061Al alloy plate and Q235 galvanized steel with
interlayer were connected by FSLW after the interlayer was milled
to 1 mm thickness. FSLW was performed at the joints with differ-
Mg Zn Cr Ti C S

1.1 0.25 0.2 0.15 – –
– – 0.19 – 0.16 �0.045
0.05 0.1 – 0.2 – –



Fig. 1. Schematic diagram of (a) the AFSHW process (step 1- SS, step 2-FSLW), (b) welding torch location in the step 1, (c) the position and relationship between adjacent pass
in step 2.

Table 2
Welding parameters.

Parameters Symbol Details

Main current Im 75A
Main arc voltage – 15 V
Bypass current It 25A
Welding speed – 0.90 m/min
Flow rate of argon in the MIG torch – 15 L/min
Flow rate of argon in the TIG torch – 5 L/min
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ent pin lengths and FSLW times. The welding parameters is shown
in Table 3. As shown in Fig. 1 (c), the offset of adjacent welding pass
for multi-pass FSLW process is 3.2 mm. It needs to be mentioned
that the aluminum plate set on retreating side (RS) is better to joint
mechanical than on advancing side (AS) in muti-pass FSLW, which
will be further discussed in next section.

As shown in Fig. 2, metallographic and tensile samples were
made perpendicular to the welding direction by wire cut electrical
discharge machining. The macro and micro morphology of weld
cross-section were observed through an optical microscope (OM,
Table 3
Detailed welding parameters of FSLW.

No. RotatingSpeed(r/min)rrrspeed(r/min) Traversingspeed(mm/min) Pre

S1 1000 150 0.2
S2
S3
S4
S5
S6
S7

Fig. 2. The sample locations for s
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Olympus DSX 510). The interface layer was further observed by a
scanning electron microscope (SEM, Zeiss-MERLIN Compact)
equipped with an energy dispersive spectrometer (EDS, EDAX
Octane Plus). The phases were identified by X-ray diffraction
(XRD, D/max-2500X). Grain morphology and texture were
observed by electron backscatter diffraction (EBSD, Oxford Instru-
ment). The harnesses of weld at the different locations were mea-
sured by using a Vickers hardness tester (HMAS-D1000Z), with a
load of 200 g in Al alloy and a load of 300 g in steel. These joints
with a width of 10 mm were stretched through a universal testing
machine(Instron 5967)at a rate of 3 mm/min.
3. Results and discussion

3.1. Macrostructure of weld appearance

Fig. 3 shows the weld appearance and cross-sectional morphol-
ogy of as-welded specimens. As shown in Fig. 3(a), an interlayer
was deposited on steel substrate and a well-formed weld with a
smooth surface was obtained. However, porosity defects are found
in the cross-section (Fig. 3(d)), which is attributed to high cooling
ss-in amount(mm) Tiltingangle(�) Pinlength(mm) FSLWTimes(pass)

2.5 3.2 1
3.4
3.6
3.8
3.2 2

3
4

tretching and metallography.



Fig. 4. The macroscopic morphology of aluminum-steel lap joints for (a) S7; (b) S1; (c) S2; (d) S4.

Fig. 3. The weld appearance of (a) interlayer, (b) S1 and (c) S5; the cross-section morphology of (d) a-a cross-section and (e) b-b cross-section.
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rate resulting in difficult escape of hydrogen pores. As shown in
Fig. 3(b) and (c), the weld appearances of typical specimens for
S1 and S5 are well-formed without defects such as holes, grooves
and cracks. In addition, the initial porosities in interlayer can be
eliminated by twisting and squeezing process from FSLW (Fig. 3
(e)).

Fig. 4 shows kissing defects and hooking defects of typical
aluminum-steel lap joints for S1, S2, S4, S7. Kissing defects and
hooking defects, as inherent defects in FSLW, can be clearly
observed, which can reduce effective thickness for joints. When
pin length is 3.2 mm, hook defects on both AS and RS are compar-
atively small, while there are obvious kissing defects in the stirring
zone (SZ), as shown in Fig. 4(b). When pin length was increased to
3.4 mm, aluminum plate and interlayer could be fully mixed to
produce a mechanical interlocking structure, while the size of hook
defects would be increased, as shown in Fig. 4(c). When pin length
was further increased to 3.6 mm, the kissing area and hook defect
size showed a significant increase, as shown in Fig. 4(d). With
FSLW times increase, kissing defects and hook defects on RS are
reduced, as shown in Fig. 4(a) and (b).
4

The relationships between effective AS and RS thickness (ET) of
joints and pin length as well as FSLW times were described in
Fig. 5. The ET is primarily dependent on hook defect size. The vari-
ation in hook defect size was mainly attributed to the difference in
material flow, deformation and degree of oxide film breakage dur-
ing FSLW [19]. As shown in Fig. 5(a), when pin length is 3.2 mm,
the material of interlayer on AS rarely flow to RS due weak mixing,
resulting in slight material flow on RS in the vertical direction.
Therefore, ET with 3.2 mm pin length on RS is the highest. With
pin length increase, material flow in the vertical direction
increases, leading to an increase in hook defects and a decrease
in ET. Noteworthy, with pin length increase, a decrease in ET on
RS is faster than that on AS, as more materials on AS are backfilled
and stacked on RS and that cannot be fully mixed, resulting in an
increase in hook defects size on RS. As shown in Fig. 5(b), FSLW
times have no obvious effects on ET of AS, and the ET increases
slightly on RS with FSLW times increase. Since the previous FSLW
preheated the plates and broke the oxide film sufficiently, the
material was well mixed without accumulating on RS in the next
FSLW processes, which is consistent with Fig. 4(a).



Fig. 6. HRSEM / BSE imaging and EDS mapping at the aluminum-steel interface for S1.

Fig. 5. The relationships between effective AS and RS thickness (ET) of joints and (a) pin length as well as (b) FSLW times.
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3.2. Microstructural evolution

The aluminum-steel interface for S1 was characterized in detail
by HRSEM / BSE imaging and EDS mapping, as shown in Fig. 6. The
mechanical strength of aluminum-steel joints is determined by the
thickness of IMC layer [10]. As Fe and Al elements occurs diffusion
along interface, a dense Fe/Al IMC layer with thickness of 1.5 lm is
formed. Generally, steel material is difficult to melt, hence, Al ele-
ments are not observed on the steel side, and Fe elements are
enriched in some areas on the Al side. Si element is mainly
enriched near the Fe-Al IMCs to reduce the inter-diffusion rate of
Al and Fe, which could enhance the interface strength [20].

Fig. 6 shows the phase composition at different locations as
pitched with read crosses, and further measured data were listed
in Table 4. It can be illustrated that the ratio of Fe atoms to Al
atoms on points P1 and P2 is close to 1:3, which indicates the for-
mation of FeAl3 phase. Similarly, the ratio of Fe atoms to Al atoms
on points P3 and P4 are close to 2:5, which means possible Fe2Al5
Table 4
Chemical composition and possible phases of the marked locations in Fig. 6.

Test points Fe (at%) Al (at%) Si (at%) Possible phase

P1 23.74 71.49 3.84 FeAl3
P2 24.41 72.68 2.20 FeAl3
P3 27.28 68.53 1.90 Fe2Al5
P4 29.16 66.59 3.06 Fe2Al5
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phases were produced. These phases can also be evident by XRD
measurement on the fractured interface between interlayer and
steel, as shown in Fig. 7.

To further explore the effects of pin length and FSLW times on
the IMC layer, SEM and EDS were performed on the aluminum-
steel interface of S2, S4 and S7, as the results shown in Fig. 8. As
shown in Fig. 8(a), when pin length is 3.4 mm, the IMC layer is a
dense layer with thickness less than 1.5 lm, which is almost the
same as 3.2 mm pin length. This demonstrates pin length has no
effects on the thickness of IMC layer. However, as shown in Fig. 8
(b), when pin length reaches to 3.8 mm, pin will touch steel surface
with 0.2 mm press-in amount of shoulder. As can be seen, a signif-
icant melting of steel surface can be observed, and the thickness of
IMC layer reaches to 4.5 mm. As shown in Fig. 8(c), the thickness of
dense IMC layer reaches to 2.2 lm after consecutive four-pass
FSLW, indicating FSLW times have a slight effect on IMC layers.
In addition, the thickness of Fe-Al diffusion layers is wider than
that of dense IMCs, which may be attributed to the mutual solid
solution of Fe and Al with low inter-diffusion percentage.
3.3. Grain morphology

To reveal aluminum-steel interface characteristics, taking S1
and S7 as an example, detailed description of grains was performed
by using EBSD analysis. The grain morphology on the aluminum-
steel interface can be divided into two parts, including Al-
interlayer interface and interlayer-steel interface.



Fig. 7. XRD measurement on the fractured interface between interlayer and steel.

Fig. 8. SEM micrographs and EDS linear scan results on t

Fig. 9. The precipitation phases distribution in the Al-interlayer interface for (
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3.3.1. Aluminum-interlayer interface
Fig. 9 shows precipitation phases distribution and proportion of

S1 and S7 in the Al-interlayer interface. Mg2Si precipitated phases
are observed in the interlayer due to stirring aluminum.While pre-
cipitated phases distributed in S7 are more homogeneous than that
in S1, indicating that the multi-pass FSLW helps to make a full mix
of materials. From Fig. 9(c), precipitated phases proportion in S7 is
21% higher than that in S1, indicating that precipitation strength-
ening occurs in Al-interlayer interface with FSLW times increase.

Fig. 10 shows the EBSD pattern quality (PQ) figure, inverse pole
figure (IPF) and grain size distribution in the Al-interlayer interface
for S1 and S7. The PQ figure clearly illustrates the microstructure,
as different grains show differences in the average pattern quality.
The pattern quality of grains decreases with strain increase and
shows a darker gray scale. From Fig. 10(a) and (d), the PQ figure
in S7 is brighter than that in S1, indicating that grains strain in
Al-interlayer decreases with FSLW times increase. Moreover, the
PQ figure clearly reveals the grains and grain boundaries. S1 and
he aluminum-steel interface for (a) S2, (b) S4, (c) S7.

a) S1 and (b) S7; (c) the proportion of precipitation phases for S1 and S7.



Fig. 10. EBSD scan images for S1 in the Al-interlayer interface. (a) pattern quality (PQ) figure, (b) inverse pole figure (IPF) and (c) grain size distribution; EBSD scan images for
S7 in the Al-interlayer interface. (d) quality (PQ) figure, (e) inverse pole figure (IPF) and (f) grain size distribution.
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S7 samples are mainly fine equiaxed grains due to dynamic recrys-
tallization occurring in SZ. From Fig. 10(c) and (f), the grain size in
S7 is slightly lower than in S1 due to higher proportion and more
uniform distribution of precipitated phases in S7. A substantial
proportion of precipitated phases inhibits grain boundaries motion
by pinning effect, which in turn prevents the growth of recrystal-
lized grains[21]. In addition, the grain size in Al plate is higher than
that in interlayer due to precipitation phase proportion in inter-
layer is higher than that in Al plate (Fig. 9). From Fig. 10(b) and
(e), as the same color represents the same grain orientation, the
grain orientations of S1 and S7 exhibit significant inhomogeneity.
The grain orientations in S1 are mainly h101i in Al plate, h00-
1i and h111i in interlayer, which in S7 are approximately ran-
domly distributed.

To further analyze texture, the pole diagrams in the Al-
interlayer interface for S1 and S7 are shown in Fig. 11. During
FSLW, the grain growth could produce meritocratic orientation
under pin shear and extrusion process, resulting in directional tex-
tures. The textures of S1 and S7 are mainly composed of
{112} h111i texture. The maximum texture strength of S1 reaches
to 7.1, while that of S7 decreases to 5.98. As the recrystallization
ratio of S7 increased after the multi-pass FSLW, the texture
strength shows a decrease.

To clarify the recrystallization mechanism, Fig. 12 shows grains
characteristics distribution in the Al-interlayer interface for S1 and
S7. From Fig. 12(a) and (c), grains in S1 mainly composed of recrys-
tallized grains and subgrains, with proportions of 66.89% and
32.5%, respectively. During FSLW, grains experienced plastic defor-
mation with tool pin and shoulder extrusion, resulting in subgrains
increase, and then partial subgrains transformed into recrystallized
grains in subsequent dynamic recrystallization process. With FSLW
times increase, the proportion of recrystallized grains increases to
83.81% and that of subgrains decreases to 15.7%, as shown in
7

Fig. 12(b) and (c), indicating that multi-pass FSLW can promote
more subgrains into recrystallized grains.

Furthermore, from Fig. 13(a) and (c), the red line is low angle
grain boundary (LAGB) from 2� to 15�, and the black line is high
angle grain boundary (HAGB) over 15�. The percentage of LAGBs
and HAGBs in S1 is about 35.6% and 64.4% (Fig. 13(b)), and LAGBs
distribute within HAGBs. With FSLW times increase, the percent-
age of LAGBs and HAGBs in S7 changes to 22.8% and 77.2%
(Fig. 13(e)), and partial LAGBs within grains transform into HAGBs.
Therefore, it can be assumed that when subgrains were trans-
formed into recrystallized grains, the orientation angle of LAGBs
gradually increased by continuously absorbing dislocations to form
HAGB, and this microstructural variation is consistent with the def-
inition of continuous dynamic recrystallization [22,23].

GOS based on EBSD analysis are shown in Fig. 13(c) and (f). GOS
figure is a favorable qualitative indicator to assess the plastic strain
of material [24]. Furthermore, residual stress can be indirectly
described by GOS to heterogeneous deformation of grains from
high internal stress during welding [21]. From Fig. 13(c) and (f),
the GOS level of S1 mainly composed of green color, while S7 is
mainly described by blue color, which indicates that the deforma-
tion in S7 is lower than that in S1. Therefore, the residual stress in
S7 is lower than that in S1 due to more dislocations being absorbed
during continuous dynamic recrystallization.

3.3.2. interlayer-steel interface
Fig. 14 shows the EBSD pattern quality (PQ) figure, inverse pole

figure (IPF) and grain size distribution figure in the interlayer-steel
interface for S1 and S7. From Fig. 14(a) and (d), the PQ figure in S7
is significantly brighter than that in S1, indicating that grains strain
decreases in the interlayer-steel interface with FSLW times
increase. On the steel side, S1 and S7 are both fine equiaxed grains.
On the interlayer side, S1 is mainly few large columnar grains and
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massive fine-equiaxed grains, and the average grain diameter is
14.7 lm (Fig. 14(c)). During surface surfacing, melt pool had long
dwell time due to relatively low temperature gradient and cooling
rate, resulting in grain growth along the boundary towards the
center of melt pool and fully developed into large columnar grains.
The coarse columnar grains were twisted and squeezed during
FSLW, resulting in fracture of partial grains and formation of fine
equiaxed grains. With FSLW times increase, grains are continu-
ously elongated and compressed, finer columnar grains and more
equiaxed grains are formed in S7, and the average grain diameter
is 11.1 lm, as shown in Fig. 14 (d) and (f). At the interface, S1
has a straight demarcation line between columnar grains of inter-
layer and steel, while S7 observes a darker layer of dendrites
instead of demarcation line, which will improve the resistance to
plastic deformation along the horizontal tensile direction. From
Fig. 14(b) and (e), the grain orientations of steel in S1 and S7 are
randomly distributed, and the grain orientation of interlayer in
S1 is mainly h101i, while the grain orientations of interlayer in
S7 are mainly h001i and h101i .
Fig. 12. The grain characteristics distribution in the Al-interlayer interface for (

Fig. 11. The pole diagrams in the Al-inte
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To further analyze the texture of interlayer, the pole diagrams of
interlayer in the interlayer-steel interface for S1 and S7 are shown
in Fig. 15. During surface surfacing, the growth direction of epitax-
ial grain was close to the maximum temperature gradient direc-
tion, and the grains growth with large angle to the maximum
temperature gradient direction would be suppressed, resulting in
directional textures [25]. From Fig. 15(a), textures of interlayer in
S1 are mainly {332} h113i texture with a maximum texture
strength of 15. Generally, columnar grains tend to grow in
the h100i direction along the ND compared with other growth
directions due to its superior accommodation factor [26], while
texture directions of interlayer changed with grain deformation
due to torsion and extrusion from FSLW. From Fig. 15(b), the inter-
layer of S7 exhibits a multi-component texture, which is related to
different directional stress caused by multi-pass FSLW, and the
maximum texture strength decreases to 7.25.

Fig. 16 shows the grain boundary figure, orientation angle dis-
tribution figure and GOS figure in the interlayer-steel interface
for S1 and S7. From Fig. 16(a), at the interlayer, LAGBs of S1 are
a) S1 and (b) S7; (c) the proportion of characteristics grains for S1 and S7.

rlayer interface for (a) S1 and (b) S7.



Fig. 14. EBSD scan image for S1 in the interlayer-steel interface. (a) pattern quality (PQ) figure, (b) inverse pole figure (IPF) and (c) grain size distribution; EBSD scan image for
S7 in the Al-interlayer interface. (d) quality (PQ) figure, (e) inverse pole figure (IPF) and (f) grain size distribution.

Fig. 13. The EBSD scan images of S1 in the Al-interlayer interface. (a) grain boundaries figure, (b) orientation angle distributions figure and (c) grain orientation spread figure;
The EBSD scan images of S7 in the Al-interlayer interface. (d) grain boundaries figure, (e) orientation angle distributions figure and (f) grain orientation spread figure.
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Fig. 15. The pole diagrams of interlayer in the interlayer-steel interface for (a) S1 and (b) S7.
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inhomogeneously distributed inside grains or at subgrain bound-
aries, while HAGBs are distributed at grain boundaries, with the
proportion of LAGBs reaching 89% and that of HAGBs accounting
for 11%. The grain inherent dislocations produced by surface sur-
Fig. 16. EBSD scan images for S1 in the interlayer-steel interface. (a) grain boundaries fig
scan images for S7 in the interlayer-steel interface. (d) grain boundaries figure, (e) orien

10
facing sharply increased due to torsion and extrusion from tool
pin and shoulder. Moreover, friction heat promoted dislocation slip
and climb, leading to the formation of massive LAGBs. With FSLW
times increase, the proportion of HAGBs in S7 increases to 26.3%,
ure, (b) orientation angle distributions of interlayer figure and (c) GOS figure; EBSD
tation angle distributions of interlayer figure and (f) GOS figure.
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while the proportion of LAGBs decreases to 73.7%, which can be
attributed to two reasons. On the one hand, the torsion and extru-
sion of muti-pass FSLW caused grains rotating and deviating from
original orientation, resulting in partial LAGBs rotating to HAGBs
under the action of large strain. On the other hand, as thermal
cycling increased during muti-pass FSLW, partial LAGBs continu-
ously absorbed dislocations, resulting in a gradual increase in sub-
grain boundary orientation angle to form HAGBs. Furthermore, the
GOS levels for S1 and S7 are mainly blue on the steel side, indicat-
Fig. 17. The relationships in different zones between hardness distribution of joints and
weld center with different pin lengths in single pass FSLW; the hardness of (d) weld ce

Fig. 18. The typical failure load–displacement curves for joints with (a) different pin l

11
ing the plastic deformation and residual stress of steel is low. On
the interlayer side, S1 mainly composed of yellow and red, while
S7 is mainly described by green, which indicates that the deforma-
tion and residual stress of S7 are lower than that of S1. The
strength of aluminum-steel lap interface is negatively correlated
with the residual stress difference on both sides of aluminum-
steel interface [27]. Therefore, interfacial strength in S7 is higher
than that S1 due to relatively low residual stress difference on both
sides of aluminum-steel interface.
pin length as well as FSLW times. The hardness of (a) Al plate, (b) interlayer and (c)
nter for 3.2 mm pin length with different FSLW times.

engths for single pass FSLW and (b) different FSLW times for 3.2 mm pin length.



Fig. 19. The typical fracture locations of aluminum-steel joints. The fracture
location (a) at the Al-interlayer interface, (b) on hook defects of RS, (c) Al-steel
interface, and (d) aluminum alloy base metal.
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3.4. Mechanical properties

The relationships between hardness distribution of joints and
pin length as well as FSLW times were described in Fig. 17. From
Fig. 20. The Schmid factor distribution along the tensile direction. (a) S1 and (b) S7 at th

12
Fig. 17(a), the hardness distributions of aluminum plate with dif-
ferent pin lengths are similar and show a typical W-shape, indicat-
ing that pin length has a small effect on the hardness of aluminum
plate. Fig. 17(b) shows the hardness distributions of interlayer with
different pin lengths, the hardness test line with 3.2 mm pin length
is all unstirred, while it contains a stirred area for other pin lengths
with 0.2 mm press-in amount, and the hardness of unstirred inter-
layer is slightly lower than that of stirred interlayer due to high
dislocation density. Fig. 17(c) shows the hardness distributions of
weld center in the vertical direction, and the hardness of steel near
the interface increases slightly, which is attributed to deformed
grains (Fig. 14(a)). Moreover, the hardness of interlayer-steel inter-
face is higher due to IMCs. Fig. 17(d) shows the hardness distribu-
tions along the vertical direction of weld center for different FSLW
times with 3.2 mm pin length. FSLW times have almost no effect
on the hardness of steel, while the hardness of interlayer and alu-
minum plate slightly decreases with FSLW times increase, which is
attributed to a reduction in dislocation density as mentioned
earlier.

Fig. 18 shows typical failure load–displacement curves for joints
with different pin lengths and FSLW times, and four typical frac-
ture locations of aluminum-steel joints are shown in Fig. 19. From
Fig. 18(a), for single pass FSLW joints, when pin length is 3.2 mm,
fracture occurred at the Al-interlayer interface (Fig. 19(a)) due to
kissing-bond with a maximum failure load of 3,577 N. When pin
length was increased to 3.4 mm and 3.6 mm, as interlocking struc-
ture was formed at the Al-interlayer interface, fracture occurred on
e aluminum-interlayer interface; (c) S1 and (d) S7 at the interlayer-steel interface.
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hook defects of RS (Fig. 19(b)) with a maximum failure load of
decreasing from 4,277 N to 3,789 N, and the percentage of decrease
in maximum fracture load is close to that of decrease in ET, indicat-
ing that fracture loads are determined by hook defects size. When
pin length was further increased to 3.8 mm, the maximum failure
load of joint was only 3,143 N with fracture occurring at the
interlayer-steel interface (Fig. 19(c)) due to thick IMC layer. From
Fig. 18(b), multi-pass FSLW joints with 3.2 mm pin length all frac-
tured in the aluminum alloy base metal (Fig. 19(d)) with a maxi-
mum failure load of 6300 N, as multi-FSLW increased both Al-
interlayer bonding area and joints ET. Moreover, From the red
frame marked in Fig. 18(b), with FSLW times increase, the force
required to open the plastic deformation of materials increases,
which can be investigated by Schmid factor.

The plastic deformation of materials follows the Schmid’s law
[28]. When applied stress was fixed, the ease of opening sliding
system depended on the Schmid factor. The larger the Schmid fac-
tor, the easier slip system opens, resulting in lower tensile strength
[29]. In addition, the low Schmid factor can reduce the rate of fati-
gue crack expansion [30,31]. The Schmid factors for S1 and S7
along the tensile direction are shown in Fig. 20, and further mea-
sured data were listed in Table 5. The Schmid factor values of alu-
minum for S1 and S7 are classified with a critical value of 0.45 to
divide the soft and hard orientation [29]. The percentage of softly
oriented (Schmid factor over 0.45) grains in S1 and S7 are almost
the same at the aluminum-interlayer interface, indicating that
the resistance to plastic deformation of aluminum-interlayer is
not related to FSLW times. At the interlayer-steel interface, the soft
orientation grains percentage of interlayer in S1 is significantly
higher than that in Al-interlayer interface and reaches 82%, and it
is primarily distributed in large columnar grains (Fig. 20(c)), indi-
cating that large columnar grains in the interlayer-steel interface
first initiated plastic deformation during tension. With FSLW times
increase, the percentage of softly oriented grains percentage of
Table 5
The measurement values of aluminum Schmid factor from Fig. 15 for S1 and S7.

Sample direction Schmid factor values

0.25–0.45 0.45–0.5

S1 Aluminum-interlayer 0.49 0.51
Unstirred interlayer 0.18 0.82

S7 Aluminum-interlayer 0.5 0.5
Unstirred interlayer 0.55 0.45

Fig. 21. The typical fracture surface from Fig. 16 observed by SEM. The SEM scanning resu
Al-steel interface, and (d) aluminum alloy base metal; higher magnification SEM image
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interlayer in S7 is slightly lower than that in Al-interlayer interface
and decrease to 45%, indicating multi-pass FSLW can improve the
plastic deformation resistance of joints.

Fig. 21 shows that typical fracture surface from Fig. 19 observed
by SEM to reveal the fracture mechanism. From Fig. 21(a) and (e),
the fracture surfaces between Al plate and interlayer are flat in A
and C regions, while the shallow dimples of different sizes are
found in the B region, so it can be considered a mixed ductile–brit-
tle fracture. From Fig. 21(b) and (f), the fracture surface on hook
defects of RS consists of two parts. The dimples of D zone near hook
defect are shallow and that of E zone away from the hook defect
are deep due to the upward expansion of cracks along the hook
defects. From Fig. 21(c) and (g), the fracture between interlayer
and steel is flat without dimple, and massive IMCs are observed
on the fracture surface, meanwhile load–displacement curve also
show a typical brittle fracture mode. As shown in Fig. 21(d) and
(h), significant necking and deep dimples are found in the fracture
surface of aluminum alloy base metal, which is typical ductile frac-
ture mode.
4. Conclusion

The current work proposed a new welding method, AFSHW, to
weld aluminium and steel, and a high-quality joint was obtained.
The relationships between microstructural characteristics, and
mechanical strength, especially for interface regions, were fully
investigated. The findings include:

(1) Compared to other process parameters, when the pin length
set to be 3.2 mm, partial specimens possess the highest
mechanical strength, with fracture occurring at aluminum
alloy base metal. This can be attributed to the combined
effects of reduced IMC layer, improved ET, enhanced bond-
ing area and decreased residual stress.

(2) The IMC layer could be reduced to within 1.5 lm from low
heat input of BC-MIG during surface surfacing. Here, it is
emphasized that the low heat input from FSLW is difficult
to promote IMCs growth.

(3) The short pin length could reduce the plastic flow of material
in the vertical direction, and the multi-pass FSLW could pro-
mote adequate mixing of material between Al plate and
interlayer due to preheating and oxide film breakage by pre-
vious FSLW, which could increase ET for dissimilar joints.
lts of fracture surface (a) at the Al-interlayer interface, (b) on hook defects of RS, (c)
s in (e) area B, (f) area E, (g) area F, and (h) area G.
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(4) With FSLW times increase, the grains size and texture
strength decreased, and the percentage of LAGBs decreased
and that of HAGBs increased during continuous dynamic
recrystallization. Furthermore, according to GOS and PQ,
muti-pass FSLW joints showed a decrease in strain concen-
tration and dislocation density.
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