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a b s t r a c t

Dissimilar AA5083 to GL D36 steel welds produced by Friction Stir Welding in lap joint

configuration, with the aluminum plate placed on the advancing side, are studied regarding

theirmechanical,microstructural and interfacial properties for varying process parameters,

i.e. welding and tool rotational speed. An increase of welding speed or decrease of the rota-

tional speed causes the formation of tunnel defects, a decrease of the steel hook height and

reduction of grain size in the aluminumstir zone. Themaximumhardness is observed at the

weld interface, due to thepresenceof intermetallic compound layers, identifiedas theFe-rich

phases as FeAl andFe3Al. As the rotational speed increases, an increase of the IMCs thickness

in theweld interface is found,which contributes to the degradation of the lap shear strength,

due to the brittleness and high hardness of these phases. Overall, the maximum lap shear

strength is obtained forwelds showingmacro (steel hook) andmicro interlocks, aswell as the

formation of thin IMC layers at the weld interface.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The crescent use of hybrid structures, combining beneficial

properties of the component materials, has been reported in

various industries, such as aeronautics, automotive, and

marine applications. These multi-material structures can

meet both the search for high-performance and weight

reduction [1]. The replacement of steel parts by lightweight

materials in the automotive and shipbuilding sectors has
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made hybrid structures of steel and aluminum alloys com-

mon. The excellent specific properties of the aluminum alloys

attend the weight savings and fuel or energy economy and

lead to the development and improvement of techniques for

joining dissimilar materials [2e4].

Various methods are being proposed in the literature to

join aluminum and steel [3]. For example, riveting, resistance

welding, metal inert gas, and Friction Stir Welding (FSW) have

successful been used to join aluminum parts to steel compo-

nents in automotive vehicles [3e6]. Besides that, in the ship-

building industry, aluminum alloys are being welded to steel

using transition joints, consisting of a base of steel, an inter-

mediate layer of pure aluminum, and a corrosion-resistant

aluminum layer, joined by the explosionwelding process [3,4].

Among thesemethods, FSW is a solid-state joining process

that consists of the heating and softening of the base mate-

rials by friction between the rotating tool and workpieces, and

in their mixing and transportation due to the combination of

rotational and translational movement of the tool [7,8].

Various studies have recently shown that this method can

successfully be used in the joining of various similar and

dissimilar material combinations [9e21]. Compared to fusion

welding technologies, the lower temperatures in short cycle

times of this process avoid solidification issues and reduce the

thickness of the Intermetallic Compound (IMC) layers formed

at the weld interface of dissimilar joints [22e25].

IMC layers in Al/steel joints are formed across the weld

interface by the interdiffusion of the Al and Fe atoms [26] and

usually result in the reduction of the ductility and tensile

strength of the joint [23,26]. Fe3Al, FeAl, FeAl2, Fe2Al5, and

FeAl3 are the most common nonstoichiometric IMCs formed

during the welding of aluminum and steel [23]. Compounds

such as FeAl2, Fe2Al5, and FeAl3, with high aluminum content,

are problematic due to their brittleness, while compounds

such as Fe3Al and FeAl, with high iron content, might be

beneficial due to their specific strength and good wear,

oxidation, and corrosion resistance properties [27].

The IMC type and size of the compounds formed at the

weld interface are influenced by the welding parameters [23].

Kimapong et al. [28] identified the FeAl and FeAl3 phases at the

interface of AA5083 to SS400 steel and concluded that the IMC

layer thickness is increasing under higher rotational and

lower welding speed, and for higher probe depth. An increase

in IMC layer thickness causes the degradation of the shear

strength. IMC layers thinner than 1e2 mm are recommended

for high interface strength [23].

Already some studies about dissimilar aluminum to steel

FSW joints have been performed [28e32], considering the ef-

fects of different materials and process conditions on the

microstructural and mechanical properties of the welds. For

example, the characterization of the microstructure resultant

for fixed process condition was evaluated [29], while the in-

fluence of the welding parameters on the IMC formation was

the focus on another investigation [30]. The study conducted

by Coelho et al. [29], focusing on the characterization of the

microstructure, texture, and IMC formation, stated that the

size and amount of steel particles dispersed on the aluminum

stir zone (Al-SZ) determine the mechanical properties of

AA6181-T4 to HC340LA steel joints, with the IMC layers acting

as mechanical interlocking. Furthermore, the study

conducted by Pourali et al. [30] on the influence of the welding

and rotational speed on the IMC formation, pointed out that

defects, such as voids, are the cause for the deterioration of

themechanical properties of AA1100 to St37 steel joints. Xiong

et al. [31] showed that thin IMCs phases and micro interlocks

formed at the weld interface of dissimilar AA1100 to

1Cr18Ni9Ti stainless steel joints are responsible for the ob-

tained high strength of these joints. Similarly, Movahedi et al.

[32] illustrated that the macro- and micro-mechanical inter-

locking, and the metallurgical bonding at the weld interface

influence the strength of AA5083 to St-12 joints. On the other

hand, Kimapong et al. [28], pointed out that the formation and

growth of FeAl3 layers cause deterioration of the mechanical

properties in the joints.

The present research aims to investigate the influence of

welding and tool rotational speed on the microstructural and

interface properties of dissimilar AA5083-O/H111 to naval GL

D36 steel welds produced by FSW in a lap joint configuration

with the aluminum plate placed on the advancing side (AS),

which is different from the configuration reported in other

studies of Al/St FSW lap joints, where the aluminum plate is

placed on the retreating side (RS) [3,28e30,33], or the position

is not identified [31,32,34], which might be related to the

positioning of the plates of Al/St FSW butt joints, where the

aluminum should be placed on the RS to produce welds [35].

The influence of the micro- and macrostructural features and

IMC layers on mechanical properties is analyzed. For this

purpose, several microstructural and mechanical tests are

employed to characterize the resulting welds in detail. To

understand the effects of the process parameters on the joint

properties, the microstructural and interface properties are

correlated with the mechanical properties of the joints and

welding parameters.

2. Materials and methods

The base materials (BM) used were a 4 mm thick AA5083-O/

H111 and a 6 mm thick GL D36 steel plate, with the chemical

composition as presented in Table 1. Spark Spectrometric

analysis was used to measure the chemical composition of GL

D36 steel, and ASTM B209M-14 standard is used for AA5083.

The welds were produced using a high stiffness FSW

Gantry System. The used tool features a flat scrolled shoulder

with 15 mmdiameter and a threaded conical probe with three

flats, 6 mm in diameter, and 4.2 mm in length, see Fig. 1, both

made of Hotvar hot-work tool steel (2.6% Cr, 2.25% Mn and

0.85% V). The welding process was carried out in lap joint

configuration, with the aluminum plate placed above the steel

on the AS, 30 mm overlap, and 250 mm of weld length, Fig. 1.

The FSW process was performed using a tilt angle and an

axial force fixed at 0.5� and 15 kN, respectively. The remaining

process parameters, i.e. welding and rotational speed, are

varied and summarized in Table 2 for the different welds.

The welds were cut transverse to the weld direction and

the cross-sections were prepared according to standard

metallographic procedures, i.e. ASTM E3-11. The aluminum

part of the welds cross-section was electrolytically etched

using a Barker reagent, and the steel part was chemically

etched using a 0.5%Nital solution, followed by observations of
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the samples in an optical microscope (OM) equipped with

polarized light. The ASTM E112-13 standard was used to

determine the grain size throughout the intercept method.

Vickers hardness tests were carried out following ASTM E384-

17 standard. Three lines of microhardness tests were con-

ducted in each cross-section, with 0.25 mm distance between

each measurement point, holding time of 10 s, and a load of

0.2 kg. Two lines were executed horizontally, one line in the

aluminum part and another in the steel part, both with 1 mm

distance from the weld interface, and one further line was

executed vertically, in the middle of the SZ. Next to the

hardness measurements, lap shear tensile tests are used to

evaluate themechanical properties. The tests were conducted

perpendicular to the welding direction, using a constant

crosshead speed of 1 mm/min and a separation gap between

the clamps of 112.5 mm in a screw-driven testing machine

with a load capacity of 100 kN at room temperature. Three

samples for each weld with 212.5 mm long and 25 mm wide

were employed in the lap shear tensile tests.

For the interface characterization, a Scanning Electron

Microscopy (SEM) equipped with Energy Dispersive X-ray

Spectroscopy (EDS) is used to measure the size of the IMC

layers, and X-ray Diffraction (XRD) to identify the phase for-

mation in these layers. The 2q range from5� to 120� andCu-Ka1

radiation are used on an X-ray diffraction instrument. The

software GSAS-II [36] was used for the indexation of the XRD

patterns obtained in this characterization.

3. Results and discussion

At first, the joint surfaces and cross-sections are investigated

for varied process conditions, i.e. welding speed and tool

rotational speed. All joints present a good surface finish,

without lack-of-fill defect and flash, as shown by the repre-

sentative macrograph in Fig. 2(a) of Weld 3. The joints pre-

sent some dispersed steel fragments in the Al-SZ, which were

detached by the probe contact to the steel surface and

dragged upwards by the softened aluminum in movement

around the tool. In this way, fewer steel particles are de-

tached when the welding speed is increased or the rotational

speed is decreased. Furthermore, two types of macrostruc-

ture features are observed in the weld cross-sections, which

are the presence of a steel hook within the Al-SZ, Fig. 2(b)e(g),

and tunnel defects, Fig. 2(d) and (f). The tunnel defect can be

eliminated, and the steel hook can be significantly reduced by

reducing welding and rotational speed, as shown in Fig. 2(g).

The steel hook is also reduced in the welds that present

tunnel defect. The different features are shown in detail in

Fig. 3.

The formation of the steel hook within the Al-SZ, Fig. 3(a)

and (b), is more evident on the RS and probably occurred due

to the contact between the probe and the steel surface. Since

the mixing of materials is less intense at high welding speeds,

the steel hook is more evident in the joints produced using

lower welding speeds in combination with a high rotational

speed, i.e. welds 3, 4, 6 and 7, see Fig. 3(d). According to Xiong

Table 1e Chemical composition of AA5083 (ASTMB209M-14) and GL D36 steel (measured by spark spectrometric analysis).

Material Chemical Composition (wt.%)

AA5083 Si

<0.40
Fe

<0.40
Cu

<0.10
Mn

0.40e1.0

Mg

4.0e4.9

Cr

0.05e0.25

Zn

<0.25
Ti

<0.15
Al

Bal.

GL D36 Steel C

0.17

Si

0.39

Mn

1.4

P

0.013

S

<0.01
Ni

0.02

Al

0.027

Cu

0.03

Fe

Bal.

Fig. 1 e Schematic illustration of (a) the AA5083/GL D36 steel lap joint configuration and (b) the threaded conical FSW tool.

The position for sample extraction are indicated as well.

Table 2 eWelding parameters used for joining AA5083 to
GL D36 steel by FSW. The tilt angle and axial force were
fixed at 0.5� and 15 kN, respectively.

Weld
Number

Welding
Speed (mm/s)

Rotational
Speed (rpm)

Weld 1 5 300

Weld 2 5 500

Weld 3 5 700

Weld 4 9 700

Weld 5 13 700

Weld 6 5 900

Weld 7 9 900

Weld 8 13 900
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et al. [31], as a consequence of the inversely proportional

relationship between welding speed and energy input, the

height of the steel hook decreases with increasing welding

speed.

For high welding speeds, the height of the steel hook is

significantly decreased, reducing from around 600 mm and

450 mm in the welds 3 and 6 (with 5 mm/s) respectively, to a

minimum of 100 mm in the Weld 8 (with 13 mm/s), such as

Fig. 2 e (a) Visual inspection of the joint surface of Weld 3, using 700 rpm and 5 mm/s. Cross-section of the AA5083/GL D36

steel joints produced by FSW using different welding parameters: (b) Weld 3, i.e. 700 rpm and 5 mm/s, (c) Weld 4, i.e.

700 rpm and 9 mm/s, (d) Weld 5, i.e. 700 rpm and 13 mm/s, (e) Weld 6, i.e. 900 rpm and 5 mm/s, (f) Weld 8, i.e. 900 rpm and

13 mm/s, and (g) Weld 2, i.e. 500 rpm and 5 mm/s.

Fig. 3 e Detailed view of formed steel hook in the joints of (a) Weld 3, i.e. 700 rpm and 5 mm/s, and (b) Weld 7, i.e. 900 rpm

and 9 mm/s. (c) Tunnel defect in the cross-section of the joint of Weld 1, i.e. 300 rpm and 5 mm/s. (d) Occurring features,

according to used welding parameters.
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reported by Xiong et al. [31]. This decrease of the steel hook

height at high welding speed may be a result of the shorter

dwell time at lower temperatures, which reduces the plastic

deformation of the steel at the interface. Nonetheless, the

height of the steel hook can vary throughout the length of the

weld, since changes in temperature, time at a certain tem-

perature, cooling rate, and thickness of the plastic zone

transported by the probe can occur during the process, which

also results in small deviations of the plunge depth. On the AS

of welds 1, 5, and 8, tunnel defects were formed due to the

insufficient energy input related to the low rotational speed,

Fig. 3(c), or high welding speed, Fig. 2(d) and (f).

The microstructural features observed in the joints are

shown in Fig. 4. The present different zones include the BMs,

heat-affected zone (HAZ), and thermo-mechanically affected

zone (TMAZ) in both aluminum and steel sides, and the SZ on

the aluminum side, see Fig. 4(a).

AA5083-O/H111 is a non-heat treatable alloy, which has

been annealed and strain hardened by rolling, resulting in a

microstructure of the Al-BM with grains slightly elongated

perpendicularly to the weld direction, and an average grain

size of 35 mm. Next to the Al-BM, the Al-HAZ is present,

which is affected only by the thermal cycle, which features a

microstructure similar to the BM. The Al-TMAZ, which

experienced both thermal cycle and plastic deformation,

presents deformed and elongated grains. The Al-SZ is char-

acterized by fine and equiaxed grains, dynamically recrys-

tallized as a result of the FSW process. This zone also

contains steel particles detached from the steel plate surface

and exhibits grain sizes varying from around 4 mme12.7 mm,

depending on the process parameters. The grain size in the

Al-SZ decreases slightly with decreasing rotational speed as

well as with increasing welding speed, as summarized in

Fig. 5.

The GL D36 steel is a high-strength steel with low carbon

and high manganese contents, and niobium micro-alloying.

The St-BM is supplied in rolled condition and characterized

by a ferritic-perlitic microstructure. Since the probe just

scratched the surface, but was not inserted into the steel plate

during the FSW process, and since its melting point is signif-

icantly higher than the one of aluminum, there are no

metallurgical changes detected during welding in the steel

part, such as the formation of bainite and martensite. In this

regard, a deformed microstructure is present in the St-TMAZ,

Fig. 4 e (a) Microstructure of Weld 3 (rotational speed of 700 rpm and welding speed of 5 mm/s), and different weld zones: (b)

aluminum BM and HAZ, (c) aluminum TMAZ on the retreating side, (d) aluminum TMAZ on the advancing side, (e)

aluminum SZ, (f) steel TMAZ, and (g) steel BM and HAZ.
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with elongated perlite and ferrite grains, while the St-HAZ

exhibits still a microstructure similar to the St-BM.

The detailed SEM analyses reveal the presence of contin-

uous IMC layers throughout the entire interface of the welds 3

(700 rpm and 5mm/s), 4 (700 rpm and 9mm/s), and 7 (900 rpm

and 9 mm/s), as shown in Fig. 6, with an average thickness of

around 250 nm, 400 nm, and 800 nm, respectively. As dis-

cussed by Wan et al. [34], the formation and growth of IMC

layers are affected by the energy input and plastic deforma-

tion at the weld interface. The energy input in FSW is

conventionally described by [37].

Es ¼QðtotalÞ
Ws

¼Mu

Ws
; (1)

whereby Es represents the energy/heat input in [J/mm], M is

the torque in [Nm], u is the rotational speed [rad] and Ws de-

notes welding speed [mm/s]. Another important factor

Fig. 5 e Average grain size in the Al-SZ for the different

welds, representing different process parameters.

Fig. 6 e SEM backscattered micrographs and EDS line scan results of the joints interface of (a) Weld 3 (700 rpm and 5 mm/s),

(b) Weld 4 (700 rpm and 9 mm/s), and (c) Weld 7 (900 rpm and 9 mm/s).
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controlling material flow and temperature at the interface

between materials in an overlap joint is the contact condition

d, given by

d¼ushear layer

u
(2)

whereby ushear layer is the rotational speed of the shear layer

[rad]. d ¼ 0 represents the case of “sliding”, where d ¼ 1 in-

dicates “sticking”.

Depending on the contact condition between the tool and

the BM (slipping or sticking), an increase in energy input re-

sults in an increase in the temperature in the SZ accompanied

by an increase of the time at high temperatures and a slower

cooling rate. This combined effects support the growth of IMC

phases. In other words, the thicker IMC layer observed with

the increase in rotational speed is a result of higher SZ tem-

peratures coupled with a longer dwell time at higher

temperatures, which allows for diffusional growth. Similarly,

increasing the welding speed leads to a reduction of the en-

ergy input. As a result the maximum temperatures reached at

the SZ are lower, the time at temperature is reduced and the

cooling rates faster. Consequently, thicker IMC layers are

formed, and fewer steel particles detached from the interface,

as can be seen in the cross-section of Weld 4, Fig. 2(c), when

compared to Weld 3, Fig. 2(b), and as reported in the literature

[30]. The detachment of more steel particles with decreasing

the welding speed contributes to thinner IMC layers, in view

that these layers are continuously broken and dispersed with

steel particles.

Additionally, the difference in the mechanical properties

between aluminum and steel produced micro interlocks in

regions of the weld interface, as shown in Fig. 6(a). The lower

ductility of the steel compared to aluminum resulted in ir-

regularities and an increase in the surface roughness of the

Fig. 7 e (a) EDS chemical maps of the IMC layer showing Fe, Mg, Mn, Al, Si, and C elements, and (b) X-ray diffraction pattern

from the cross-section of Weld 3 (700 rpm and 5 mm/s).
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steel at the interface, which was filled by the softened

aluminum, forming micro interlocks with the reaction be-

tween aluminum and steel in the weld interface.

The chemical composition and phase formation of the IMC

layer formed inWeld 3 is presented in Fig. 7. The EDS chemical

composition maps, Fig. 7(a), show a mixture of Al and Fe

atoms in the IMC layer, confirming the interdiffusion of them

across the weld interface. In order to determine the phase

formation in this IMC layer and around the steel particles in

the Al-SZ, XRD patterns from the weld cross-section are

analyzed, see Fig. 7(b). The diffraction lines can be attributed

to the IMCs FeAl and Fe3Al, besides the Al and Fe structures

from the basematerials. These Fe-rich IMC phases are formed

at the interface and around the steel particles dispersed in the

Al-SZ. As mentioned earlier, these are less brittle than Al-rich

phases and present good corrosion resistance properties. The

FeAl phase is reported to form typically at around 1310 �C
through a peritectic reaction, and Fe3Al through the first-order

reaction of the FeAl phase at 552 �C under atmospheric pres-

sure [38]. These phases have already been reported in the

literature for dissimilar aluminum to steel FSW joints [30,38],

and their formation at the present lower temperatures occur

due to the present severe plastic deformation, which en-

hances the diffusion and the IMC nucleation and growth.

The microhardness measurements performed horizontal-

ly, i.e. in AA5083 and GL D36 steel side at a distance of 1mmof

the joint interface, as well as perpendicular to the weld

interface are shown in Fig. 8. The AA5083 BM presents hard-

ness values of around 86 HV0.2, which is determined by the

grain size and content of solid solution elements. Since

AA5083 belongs to the non-heat treatable aluminum alloys,

the increased microhardness value measured in the Al-SZ is

attributed to the grain refinement, Fig. 8(a). Therefore, higher

microhardness values are reached at increasing welding and

decreasing rotational speeds, since this causes more pro-

nounced strain rates and total strains, leading to smaller grain

size dynamically recrystallized. The microhardness within

the Al-SZ is almost constant, Fig. 8(a), with itsmaximumvalue

of approximately 100 HV0.2 for the Weld 1, i.e. 300 rpm and

5 mm/s. Due to the present deformation and resulting grain

refinement in the TMAZ, the hardness in the Al-TMAZ is

higher than in the Al-BM but smaller than in the Al-SZ. The Al-

HAZ presents no significant differences to the hardness in the

Al-BM due to the similarities in the microstructure of these

regions [39,40].

The GL D36 steel BM presents hardness values of around

165 HV0.2 that can be enhanced by strain hardening, refine-

ment of ferrite and perlite grains, or by the formation of

bainite and martensite [41]. No significant changes in micro-

structure are observed in the steel after the FSW process. The

increases in microhardness in the St-TMAZ and St-HAZ occur

due to the grain deformation and refinement as a result of the

strain hardening, achieving amaximumhardness value of 208

HV0.2 in the St-TMAZ of Weld 8, i.e. at 900 rpm and 13 mm/s,

Fig. 8(a). The microhardness increases in particular near the

interface, Fig. 8(b), due to the strain hardening of the steel and

formation of IMCs, reaching hardness values of 356 HV0.2 in

the Weld 2, i.e. at 500 rpm and 5 mm/s.

The maximum lap shear loads determined for the

different welds, respective samples, are presented in Fig. 9.

All the samples were 25 mm wide and fractured in the weld

interface due to the presence of brittle IMCs with high

hardness. The maximum shear load of 16.98 kN is obtained

for Weld 3, i.e. at a welding speed of 5 mm/s and a rotational

speed of 700 rpm. Besides that, the shear load shows a ten-

dency to increase with decreasing welding speed and

increasing rotational speed up to 700 rpm, where the load is

decreasing afterwards.

Fig. 8 e (a) Vickers microhardness measurements, performed horizontal along the FSW cross-section of AA5083 and GL D36

steel at a distance of 1 mm to the interface, and (b) perpendicular to the weld cross-section in the center of the SZ of the

joints. The welds were produced using different welding and rotational speeds.
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Among the results of the lap shear test, thewelds 1, 5, and 8

present tunnel defects at the interface between aluminum

and steel that reduce the width of the welded interface,

resulting in the weakest performance in the lap shear tests,

consistent with observations in the literature [30]. The

degradation of the joint strength caused by tunnel defects can

be confirmed with the higher lap shear load of Weld 2, which

presents an almost flat interface, with a small steel hook, but

without defects. The highest lap shear loads are obtained for

welds 3 and 4, which exhibit steel hooks in the weld cross-

section acting as macro interlocks. Numerical analysis of

stress distribution during the lap shear tensile tests of adhe-

sive lap joints already demonstrated that themaximum stress

on the top plate occurs near the interface on the side of the

joint where the load is being applied [42]. For example, when

the aluminum plate is placed on the RS, the maximum stress

in the aluminum takes place near the interface on the RS, i.e.,

near the steel hook, which consequently reduces the effective

thickness of the top plate and the joint strength, as reported

by Sorger et al. [33]. On the contrary, when the aluminumplate

is placed on the AS, as used in the present study, the steel

hook on the RS acts as mechanical interlocking, which is not

detrimental to the joint strength.

However, differences in the maximum lap shear load are

observed in the welds that show a steel hook. The welds 3

(Fig. 3a), 4 (Fig. 2c), and 7 (Fig. 3b) feature a macrostructure

characterized by the steel hook, but the lap shear load in these

welds decreases with the increase of the rotational speed and

welding speed, which is related to the increase of the IMC

thickness. Besides that, Weld 3 presents micro interlocks in

the interface, enhancing lap shear performance.

Therefore, macro and micro interlocks, and the formation

of thin FeAl and Fe3Al intermetallic phases at the weld inter-

face ensure sound mechanical and metallurgical bonding

between aluminum and steel, resulting in higher mechanical

properties of the welds, which is consistent with the results of

the study of Movahedi et al. [32].

4. Conclusions

Dissimilar AA5083-O/H111 and GL D36 steel welds were pro-

duced by FSW in a lap joint configuration with the aluminum

plate placed on the AS, varying welding and tool rotational

speeds. The main results of the microstructural and me-

chanical characterizations are summarized as follows:

� All welds possess good surface finishing and show plasti-

cally deformed steel particles dispersed in the Al-SZ. Two

different features, the steel hook and tunnel defect, are

observed in the macrostructure of the welds. The steel

hook is more evident on the retreating side of the welds

Fig. 9 e (a) Effect of the rotational speed and welding speed on the lap shear strength of dissimilar AA5083/GL D36 lap welds,

and (b) samples after the lap shear tests of the Weld 3, using a rotational speed of 700 rpm and welding speed of 5 mm/s.
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produced using lower welding speeds, while the tunnel

defect is present on the advancing side of the welds pro-

duced using high welding speed, i.e. 13 mm/s, or low

rotational speed, i.e. 300 rpm.

� The Al-SZ consists of fine and equiaxed dynamic recrys-

tallized grains. An increase in welding speed causes grain

size reduction, where an increase in rotational speed leads

to larger grain sizes, i.e. the resulting grain sizes are be-

tween 4 and 12.7 mm in the aluminum stir zone.

� The interface of the welds are characterized by IMC layers

composed of the Fe-rich phases FeAl and Fe3Al. The in-

crease in the welding and rotational speed causes an in-

crease in the average thickness of these layers from around

250 nme800 nm, which contributes to the degradation of

the lap shear strength, due to the brittleness and high

hardness of these phases. Additionally, the different me-

chanical properties between aluminum and steel result in

micro interlocks in the weld interface.

� The present macroscopic, microstructure, and interface

features determine the resulting mechanical properties of

the joints. The tunnel defects result in the deterioration of

the lap shear strength of the welds, where the steel hook

leads to higher lap shear strength. Additionally, the pres-

ence of micro interlocks and a thin IMC layer in the inter-

face of the Weld 3 (700 rpm and 5 mm/s) leads to the

highest obtained lap shear load of 16.98 kN. Therefore, the

optimal mechanical properties are resulting from a com-

bination of macro and micro interlocks and the formation

of thin IMC layers.
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[10] Çam G, _Ipeko�glu G. Recent developments in joining of
aluminum alloys. Int J Adv Manuf Technol 2017;91:1851e66.
https://doi.org/10.1007/s00170-016-9861-0.
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[13] _Ipeko�glu G, Erim S, Çam G. Investigation into the influence of
post-weld heat treatment on the friction stir welded AA6061
Al-alloy plates with different temper conditions. Metall
Mater Trans 2014;45:864e77. https://doi.org/10.1007/s11661-
013-2026-y.

[14] _Ipeko�glu G, Erim S, G€oren Kiral B, Çam G. Investigation into
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[15] Von Strombeck A, Çam G, Dos Santos JF, Ventzke V, Koçak M.
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