
 
 

University of Birmingham

Influence of the kissing bond on the mechanical
properties and fracture behaviour of AA5083-H112
friction stir welds
Zhou, Nan; Song, Dongfu; Qi, Wenjun; Li, Xiaohui; Zou, Ji; Attallah, Moataz M.

DOI:
10.1016/j.msea.2018.02.011

License:
Creative Commons: Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

Document Version
Peer reviewed version

Citation for published version (Harvard):
Zhou, N, Song, D, Qi, W, Li, X, Zou, J & Attallah, MM 2018, 'Influence of the kissing bond on the mechanical
properties and fracture behaviour of AA5083-H112 friction stir welds', Materials Science and Engineering A, vol.
719, pp. 12-20. https://doi.org/10.1016/j.msea.2018.02.011

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
DOI: 10.1016/j.msea.2018.02.011

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 27. Aug. 2022

https://doi.org/10.1016/j.msea.2018.02.011
https://doi.org/10.1016/j.msea.2018.02.011
https://birmingham.elsevierpure.com/en/publications/5a83b8a3-c25d-461f-93dd-2683fa280249


 1 

Influence of the Kissing Bond on the Mechanical Properties and Fracture Behaviour of 

AA5083-H112 Friction Stir Welds 

 

Nan Zhou1,2,3, Dongfu Song1,3, Wenjun Qi1, Xiaohui Li1,3, Ji Zou2, Moataz M. Attallah2, 
1, Guangdong Institute of Materials and Processing, Guangzhou 510650, China 

2, School of Metallurgy and Materials, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK  
3: Guangdong Provincial Key Laboratory for Technology and Application of Metal Toughening, Guangzhou 

510650, China 

 

ABSTRACT 

The kissing bond phenomenon in AA5083-H112 friction stir butt welds was investigated in 

joints welded using a matrix of welding parameters, with tool rotation speeds of 800, 1000, 

and 1200 rpm and feed speeds 100, 200, and 300 mm/min. The length of the kissing bond 

along the cross-section normal to the welding direction was measured to quantify its influence 

on the mechanical properties. A combination of optical microscopy, scanning electron 

microscopy, transmission electron microscopy, tensile and fatigue testing were used to 

elucidate the impact of the kissing bond on the microstructural and mechanical properties 

development. The fracture type, location, and morphology were studied for the various 

conditions. The results showed that the welding parameters had a substantial effect on the 

length of the kissing bond, which was found to decrease with the increase in the welding heat 

input, as estimated based on the rotation and feed speeds. Moreover, the length and 

morphology of the kissing bond had a significant influence on the tensile and fatigue fracture 

type. A shear fracture type was characteristic for welds showing high tensile properties and 

long fatigue life, whereas fracture along the kissing bond was characteristic for poor tensile 

properties and short fatigue life.  
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1. Introduction 

AA5083 is a 5xxx-series work-hardenable alloy that is frequently used in structural 
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automotive components (body-in-white) due to its high strength-to-weight ratio, good 

corrosion resistance, and reasonable formability among the commercial Al-alloys [1, 2]. 

Nonetheless, it is rather difficult to obtain mechanically and metallurgically sound welds 

using fusion welding technology for this alloy, which limits its application in large scale 

fabricated vehicle structures [3]. This concern has been overcome using friction stir welding 

(FSW) technology, which has been successfully applied for 5xxx-series alloys. As a solid state 

joining technology, FSW would normally result in temperatures lower than the incipient 

melting temperature (~ 600℃ in 5xxx-series alloys) [4].  

 

The effect of FSW process parameters on the mechanical properties and the microstructure of 

AA5083 FSW joints has been widely investigated [5-12]. Peel et al. [10] studied the 

microstructural, mechanical properties, and residual stress development in AA5083 welds 

produced using different welding parameters, concluding that the weld properties were 

dominated by the heat input during FSW. Similar conclusions were drawn by Lombard et al. 

[13], who investigated the influence of FSW tool rotation speed and feed speed on the 

mechanical properties and fatigue life of AA5xxx. Generally, FSW joints are superior to 

fusion welds, as suggested by Zhou et al. [12], who found that the fatigue life of AA 5083 

FSW joints was much longer than the pulsed-MIG welds. Other studies developed numerical 

simulations for FSW of AA5083 in order to predict the microstructural evolution, with an aim 

to optimise the welding parameters [14].  

 

One of the major concerns associated with FSW of aluminium alloys is the oxide layer 

(termed the “kissing bond”) that is occasionally observed in FSW butt joints [15]. The kissing 

bond is believed to be deleterious to the mechanical properties of the welds [16-20]. Sato et 

al. [21] investigated the kissing bond in AA1050 FSW joint using transmission electron 

microscopy (TEM), identifying it to be made out of Al2O3 clusters. It was also found in this 

research that with the increase of FSW heat-input, the oxide clusters would change from a 

continuous film into discrete particles. Staniek et al. [22] also verified the observation of the 

oxide clusters by SEM and TEM in FSW AA2024-T3 and AlMg2 dissimilar welds. It was 

suggested that the formation mechanism of the kissing bond was related to the insufficient 
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break-up of the oxide layer due to the insufficient stretch of the contacting surfaces around the 

welding pin [17]. As a result, the kissing bond was found to severely affect the fracture 

behaviour of the FSW joints [23-26]. Staniek et al. [22] found that the fracture path occurs 

exactly along the kissing bond in specific welding conditions. Tao et al. [25] found that the 

fracture path tended to be at the kissing bond at lower tool rotation speeds. Besides, the 

kissing bond was found to have a profound effect on the fatigue life. Zhou et al. [27] 

compared the fatigue behaviour of AA5083 FS welds at various weld conditions with and 

without the kissing bond. According to the results, the fatigue life of welds with a kissing 

bond were 21-43 times shorter than that of the welds that did not display a kissing bond. Le 

Jolu et al. [28] found JLR (Joint Line Remnant), kissing bond and gap-induced defects in 

FSW joints of an Al–Cu–Li alloy, which had an increasing effect on the fatigue strength of the 

welds compared to the sound welds. Kadlec et al. [18] studied the influence of the size of the 

kissing bond in FSW AA7475, while, it was found that a large kissing bond did not have a 

significant effect on the mechanical properties compared to flawless FSW joints. Besides, The 

kissing bond did not affect the fracture behaviour also in AA2024-T351 FSW weld studied by 

Zhang et al. [29]. 

 

Therefore, it appears that the effects of the kissing bond on the mechanical properties and 

fracture behaviour have still been uncertain, especially in the absence of a reliable method to 

detect it. Besides, studies on the change in the shape and structure of the kissing bond due to 

different FSW parameters are limited in the literature. Hence, this study focuses on the 

influence of the process parameters on kissing bond formation in AA5083 FSW butt joints 

that were obtained using different tool rotation speeds and tool feed rates. The study also 

assesses the influence of the kissing bond on the fracture behaviour using tensile and fatigue 

testing. 

 

2. Experimental 

The base material used for FSW in this study was 6 mm thick AA5083-H112 alloy, the 

chemical composition of which is shown in Table 1. The tensile strength, yield strength, and 

elongation of the base metal were 335 MPa, 163 MPa, and 20%, respectively. 
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Table 1 Chemical composition of aluminium alloy for friction stir welding (wt%). 
Material  Si Fe Cu Mn Mg Zn Cr Ti Others Al 

AA5083 0.4 0.1 0.1 0.6 4.0 0.2 0.15 0.1 ≤0.15 Bal. 

For welding, the sheets were cut to dimensions of 100 mm (transverse direction) × 200 mm 

along the welding direction (WD). The welds were produced using an FSW-3LM-4012 FSW 

machine. Before welding, the surfaces of the sheets were ground and wiped using acetone to 

get rid of any surface oxide and oil contamination, respectively. The welds were performed 

using a tool with a 20 mm diameter shoulder and 6 mm pin length; both were made of H13 

tool steel. The tool had a triangular conical right-hand thread, with a 2.5˚ tilt and an 

anticlockwise rotation. The welds were carried out in three levels of tool rotation speed (800, 

1000, 1200 rpm) and three feed speeds (100, 200, and 300 mm/min). The parameters were 

identified following various trials to establish a process window that achieves sound welds. 

All the welded sheets were naturally cooled after welding, prior to unclamping them from the 

machine. 

 

Metallographic specimens were extracted normal to the WD, ground, and polished to 0.05 m 

oxide finish. Keller’s reagent (3 ml HNO3, 6 ml HCl, 6 ml HF, and 150 ml distilled H2O) was 

used to etch the samples to reveal the kissing bond and surrounding microstructure. For 

displaying the grain structure, electrolytic-etching was carried out using 10% HClO4 in 

ethanol for imaging using electron backscattered diffraction (EBSD). The microstructures 

were examined using a ZEISS Axioskop 2 MAT mot optical microscope (OM). Etched 

specimens were examined under a JEOL 6060 scanning electron microscope (SEM) and a 

JEOL 7000 FEG SEM, both operated at 20 kV. A Nova nano FEG SEM equipped with an 

Oxford INCA crystal EBSD system was used for EBSD image acquisition. The operating 

parameters of the EBSD were: a 70°tilt angle, a high voltage of 30 kV, a square grid of with 

a step size of 0.5 μm. The data were analysed using HKL Channel 5 EBSD software. In order 

to get rid of the noise points, EBSD maps were processed with applying the data cleaning 

procedure. A JEOL 2100 Transmission electron microscope (TEM) was used to investigate 

the kissing bond structure. A kissing bond region was extracted and thinned using a FEI 

Quanta 3D focused ion beam (FIB) system to study its microstructure.  
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Room temperature tensile test samples were tested in accordance with BS EN 10002-1: 2001 

for FSW joints (loaded normal to the WD across the weld nugget) [30]. The tests were carried 

out on the DNS200 universal tensile machine, with a crosshead speed of 2 mm/min, with 3 

replicates. An Instron-8801 fatigue tester was used for testing the fatigue properties of the 

welds according to ASTM E466-07 [31]. The parameter of the fatigue test was kept constant 

for all the conditions (sinusoidal wave with the stress ratio R=0.1, the maximum stress 130 

MPa, and oscillation frequency 30 Hz). Prior to testing, the surface and edge of the specimens 

were ground flat to avoid any surface stress concentration. 

3. Results 

3.1 The kissing bond in the welds 

Fig. 1 shows the typical macrostructure of the AA5083 FSW weld, with the stir zone (SZ), 

thermo-mechanically affected zone (TMAZ), and heat-affected zone (HAZ). The TMAZ/SZ 

boundary was characterised by a sharp transition typically towards the advancing side (AS), 

whereas the transition towards the retreating side (RS) was not as clear as in the AS; a typical 

feature in FSW joints [15]. It was noticed that in the SZ towards the RS, the kissing bond 

appears as a dark curved line that extends from the centre of the SZ towards the bottom tip of 

the weld. Several reports in the literature suggest that kissing bond originates from the oxide 

layer on the initial butt surface, which is broken up during FSW procedure [17]. The 

morphology of the kissing bond sometimes appear as a zigzag line [32], lazy S [33], or a 

wavy pattern [17]. Tao et al. [25] classified the kissing bond morphology into a “lazy S” and 

“kissing bond”, with the “lazy S” consisting of fine oxide particles, whereas the “kissing 

bond” contained huge amounts of micro-voids. In this study, the “lazy S” appeared in the 

middle and upper parts of the SZ shown as A in Fig. 1, whereas the “kissing bond” was 

located at the root tip of the SZ shown as B in Fig. 1. Fig. 2 (a) and (b) show SEM 

micrographs of regions A and B in Fig. 1, respectively. In Fig. 2 (a), oxide particles were 

observed, as well as some particle exfoliation (an etching artefact), while in Fig. 2 (b), a 

continuous cluster of fine oxide particles were detected. Hence, although the morphologies of 

the “lazy S” and “kissing bond” are different because of the different stirring (plastic 

straining) degrees [15], the intrinsic features within them are the same. As such, the term 

“kissing bond” will be used below to describe both the “lazy S” and “kissing bond” in this 
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study. 

 

Fig. 1 The weld zones macrostructure of the AA5083 FSW weld. 
(𝜔=1000rpm, 𝑣=300mm/min). 

 
Fig. 2 Backscattered SEM micrographs of (a) zone A and (b) zone B in Fig. 1. 

 

To further clarify the structure of the particles that compose the kissing bond in the SZ of 

FSW joints, TEM images were taken for the samples that were extracted from the vicinity of 

kissing bond using FIB. TEM images of the kissing bond of the weld produced at a rotation 

speed of 1200 rpm and feed speed of 300 mm/min is shown in Fig. 3 (a). The present study 

observed the local distribution of the bright particles. Many bright particles were locally 

distributed within the SZ region with an average size ~ 100 nm. It was found that most of the 

particles were within the grain, while a few of them were on located along the grain 

boundaries. Energy dispersive X-ray (EDX) spectra obtained from the matrix and the particle 

are shown in Fig. 3 (b) and (c), respectively. The matrix composition shows ~90 at% Al and 5 

at% Mg, with some other elements at less than 5 at%, which are likely due to the FIB process. 

On the other hand, the particles were found to consist of ~38 at% Al, 12 at% Mg, 48 at% O, 

and other elements at less than 2 at%. The particles were found to have an extremely higher O 

content as well as Mg. This result confirmed that the bright particles locally distributed 
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around the kissing bond in AA5xxx-series FSW joints were a mixture of Al2O3 and MgO 

oxides. EBSD mapping shows that the clusters of oxides appear to pin the ground boundaries, 

creating near-linear boundaries, Fig. 3 (d). The oxide clusters act as a barrier for 

recrystallisation to progress across the two sides of the kissing bond, which is likely to have 

an impact on the mechanical performance. This also confirms the view that the kissing bond 

does not occur in-situ, but is actually due to the residual oxides on the joint interface prior to 

FSW.    

 

Fig. 3 TEM and EBSD images of the kissing bond. 
(a)-TEM image, (b)-EDX spectra of the matrix, (c)- EDX spectra of the particles, (d) EBSD map from the 

vicinity of the kissing bond.  

 

3.2 Effect of welding parameters on kissing bond 

The kissing bond structures formed under different welding parameters investigated in this 

study are shown in Fig. 4. Fig. 4 (a), (b) and (c) are the welds obtained using different feed 

rates and the same rotation speed. Fig. 4 (c), (d) and (e) show the welds performed under 

different tool rotation speeds and the same feed rate. It was found that with the increase in the 

feed rate, the shape of kissing bond curve changed from a smooth curve pattern to a more 

complicated zigzag pattern, while with the increase of tool rotation speed, the kissing bond 
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curve became less pronounced, occupying a narrower region in the lower part of the weld. 

When the tool rotation speed was 800 rpm, shown in Fig. 4 (c), the kissing bond curve could 

be observed from the top to the bottom throughout the welds. At 1000 rpm, shown in Fig. 4 

(d), the kissing bond curved structure at the top of the welds disappeared, whereas at 1200 

rpm, shown in Fig. 4 (e), the bottom part of the kissing bond structure also disappeared. In a 

word, the welding speed could affect the waviness of the kissing bond, while the tool rotation 

speed could affect the extent across the weld thickness. 

 

Fig. 4 Macrostructure profiles of the AA5083 FSW welds at different welding parameters. 
 (a)- 𝜔=800rpm, 𝑣=100mm/min, (b)- 𝜔=800rpm, 𝑣=200mm/min, (c)- 𝜔=800rpm, 𝑣=300mm/min, (d)- 𝜔=1000rpm, 𝑣=300mm/min, (e)- 𝜔=1200rpm, 𝑣=300mm/min. 

 

In order to further clarify the relation between welding parameters and the kissing bond, the 

total length of the kissing bond structure (L) was measured using an image analysis software 

(ImageJ). The relationship between the welding parameters and the length of kissing bond is 

shown in Fig. 5 (a). When the rotation speed increased, the length of kissing bond was found 

to decrease, whereas when the feed rate increased, the length was found to increase. During 

FSW, the oxide film is fragmented by the shear stress produced by the tool rotation speed 𝜔 

and welding speed 𝑣. Thus, the kissing bond is strongly affected by the degree of stirring 

which is represented by the heat input in the welding procedure.  

As FSW is achieved through the combined effect of the tool feed rate and rotation speed, it is 

essential to consider their combined effect as well. In FSW, a semi-quantitative function, the 
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heat input index (HI), can be expressed [34]: 𝐻𝐼 = 𝜔2𝑣 × 103                                                                   (1) 

where 𝜔 is in rpm and 𝑣 is in mm/min. Fig. 5 (b) shows the relation between heat input and 

length of kissing bond. As is well known, the heat input during FSW increases with the 

increasing rotation rate and decreasing the feed rate. Hence, higher heat input conditions 

which means during the FSW procedure, there are sufficient tool rotation and time to disperse 

the oxide clusters. It has the same trends shown in Fig. 5 (b) that the L is close to an inversely 

proportional relationship with HI. 

 

Fig. 5 The effect of welding parameters on the length of kissing bond: (a)- Length of kissing bond (L) vs tool 
rotation speed 𝜔, (b)-Length of kissing bond (L) vs HI 𝜔2/𝑣. 

 

3.3 Tensile and fatigue properties of the welds 

Fig. 6 shows the ultimate tensile stress (UTS), yield stress (YS) and elongation (EL) of the 

AA5083 FSW joints, corresponding to different kissing bond lengths. In general, with the 

increase in kissing bond length, UTS and EL increased first and then decreased. However, YS 

appeared to show no trend with the kissing bond length. Correlating Fig. 6 with Fig. 5 (b), in 

other words, it appears that there is no obvious correlation between the YS and the HI.  

 

The Hall-Petch relationship between the grain size (d) and the YS in a polycrystalline material 

is expressed as: 𝜎𝑌𝑆 = 𝜎0 + 𝑘𝑦𝑑−1/2                                                            (2) 

where, 𝜎0 is the frictional stress contribution, d is the grain size, and ky is the Hall-Petch 

slope. It was revealed in Fig.6 (b) that the YS appeared to increase with the increase in the 
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tool rotation speed. If strength was solely based on grain size strengthening, the grain size in 

the SZ of the welds should rather decrease with the increase in rotation speed to justify the 

hardness increase. However, as is shown in Fig. 7, under the same feed rate, the grain size 

actually increases with the increase in tool rotation speed, possibly due to the higher 

temperatures in these welds. As such, the increase in YS with the increase in grain size 

suggests that the contributions of other strengthening mechanisms increase with the increase 

of rotation speed, especially Orowan strengthening and dislocation strengthening, which were 

previously reported to contribute to the strength of AA5xxx FSW joints [35, 36]. However, it 

can be noticed that apart from the 1200rpm samples, the YS of the other samples were lower 

than that of the base metal (163MPa on average), even though the grain size of the SZ was 

much finer. Hence, it could be considered that, the welds were homogeneous at the tool 

rotation speed of 1200rpm, while at 800rpm and 1000rpm, the kissing bond could be 

considered as a “defect” which had a negative effect on the YS.  

 

Fig. 6 Tensile properties of AA 5083 FSW joint with different kissing bond lengths. 
(a) Ultimate Tensile Stress, (b) Yield Stress, and (c) Elongation. 
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Fig. 7 Average grain sizes in the SZ of AA5083 FSW joints at different tool rotation speeds. 

 

Fig. 8 shows the fatigue life of different welds as a function of the kissing bond length. The 

maximum stress used during fatigue testing was kept constant as 130 MPa, which was 70% of 

the YS for AA5083-H112 base metal, to assess the fatigue fracture behaviour of the welds 

with different kissing bond lengths. As shown, the fatigue life of the AA5083 FSW joints 

decreased with the increase in the kissing bond length. The results revealed that the kissing 

bond length has a negative effect also on the fatigue strength for the welds. 

 

Fig. 8 Fatigue test results for AA5083-H112 FSW joint with different kissing bond lengths. 

4. Discussion 

4.1 Tensile fracture types 

Three types of tensile fracture were observed in the transverse tensile specimens of the 

AA5083-H112 FSW joints. Fracture type 1, where the fracture location was in the SZ towards 

AS, was found in the 1200rpm-300mm/min joint (see Fig. 9 (a)). The fracture path was 

virtually linear throughout the sheet, inclined at ~45°to the tensile loading direction almost as 
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a pure shear fracture. A C-shaped kissing bond was observed in the SZ towards the RS. This 

suggests that the crack initiation at the SZ/TMAZ region towards the AS was easier than in 

the kissing bond region towards RS, which resulted in the fracture being located towards the 

AS during tensile testing. Fig. 10 (a) shows the fracture surface corresponding to Fig. 9 (a), 

with the fracture surface consisting of fine equiaxed dimples with various sizes, indicating a 

ductile failure mode. This condition displayed the highest UTS, YS, and EL (328 MPa, 178 

MPa, and 14.5%, respectively) among all the conditions investigated in this research. 

Compared with the tensile results obtained for the parent material AA5083-H112, (335 MPa, 

163 MPa, and 20%), the UTS and EL were slightly lower than the parent metal. However, the 

YS was virtually similar (~15 MPa higher) to the BM in average, due to the fine recrystallised 

grains in the SZ. 

 

Fracture type 2 was observed in the 1000 rpm-200 mm/min joint, whereby the fracture was 

also located in the SZ, initiating from the RS, Fig. 9 (b). The fracture path was characterised 

by a zigzag path on the top of the weld, extending to a lazy S shape. It was found that the 

fracture path in type 2 occurred along the kissing bond. However, in this case, the UTS, YS, 

and EL were the lowest among the welds investigated in this study, with 212 MPa, 125 MPa, 

and 5% on average, respectively. It is obvious that the presence of a profound kissing bond 

makes the joints prone to easy crack during tensile testing, because the dislocations could 

pile-up at the large oxide clusters, which resulted in stress concentration, cracks along the 

kissing bond and lower tensile stresses. 

 

Fracture type 3 was a hybrid type between the previous two, and could be observed in most 

cases. The fracture path in this type initiated with a shear fracture, extending along the lazy-S 

section of the kissing bond, as shown in Fig. 9 (c). The images of fracture surface for fracture 

type 3 were shown as Fig. 10 (b), (c), and (d). Fig. 10 (b) shows the detailed morphology for 

fracture type 3 corresponding with shear fracture portion of the fracture path in Fig. 9 (c). It 

was found that the surface of shear fracture was similar to type 1 in its morphology, showing 

dimples along the fine grain structure. The difference was that the fine and round dimples in 

type 1 was deeper than in type 3 (see Fig. 10 (a) and (b)), which was indicated to have lower 



 13 

tensile properties than samples fractured in type 1. In terms of the surface of the fracture along 

the kissing bond in Fig. 10 (c), no large dimples could be observed, although few regions 

showing trench-like fracture regions were observed. Under higher magnification, (Fig. 10 

(d)), shows that the trenches contained fine round particles, containing 8.7 at% O, 4.81 at% 

Mg and 86.49 at% Al, which suggests them to be the oxides particles associated with the 

kissing bond structure. It is clear that the kissing bond had contributed to the fracture path in 

type 2 and 3, and to their reduced tensile properties. 

 

 

Fig. 9 Macrostructure profiles of the fracture of AA5083-H112 FSW joints. 
(a)- 𝜔=1200rpm, 𝑣=300mm/min, (b)- 𝜔=1000rpm, 𝑣=200mm/min, (c)- 𝜔=1000rpm, 𝑣=100mm/min. 
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Fig. 10 SEM micrographs for the fracture surfaces of AA5083-H112 FSW joints for (a) type 1, (b) type 3-shear 
fracture, (c) type 3-along the kissing bond, (d) high magnification of the dotted regions in (c). 

 

4.2 Fatigue behaviour 

Fig. 11 (a), (b) and (c) show the fracture surface for the specimens corresponding to point 1, 2 

and 3 in Fig. 8. Three distinct regions could be distinguished; crack initiation, crack 

propagation, and final fracture, which had various sizes for different weld conditions. 

Generally, the size of the crack initiation and crack propagation regions decreased in the joints 

showing longer fatigue life. It was noticed that multiple initiations were observed in Fig. 11 

(a), (b), which were corresponding to the joints showing shorter fatigue life. These initiations 

were reported to originate from the kissing bond[18]. Moreover, periodic striations in the 

crack propagation zone were clearly visible in specimen 1 and 2 (marked in Fig. 12 (a) and 

(b)). The striations were shown from the multiple crack initiations to the boundary between 

crack propagation zone and final fracture. It was noticed that the striations of specimen 2 were 

decreased in width and less clear than specimen 1, however, the striations were not visible in 

specimen 3. Zettler et al. [37] found similar non-chaotic striations or bands associated with 

the tool advance per revolution along the cross-section along the weld direction in a AA6063-

T6 FSW joint. Differently, in this study, the periodic bands shown in Fig. 11 (a) and (b) were 

(a) (b) (b) 

(c) (d) Element Weight% Atomic% 

O K 5.37 8.70 

Mg K 4.52 4.81 

Al K 90.11 86.49 

Totals 100.00 100.00 
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generated due to the fatigue crack propagation. Fig. 11 (d) shows the SEM image observed in 

the vicinity of a striation in the fatigue fracture. Apart from the macroscopical striation 

marked in Fig. 11 (d), the micro-scale fatigue striations (a characteristic feature of the fatigue 

crack propagation) were also visible. Besides, the crack growth direction could be identified 

as the vertical direction of the fatigue striations[18]. 

 
Fig. 11 Macrograph of fractured surface of fatigue specimens corresponding to point 1-(a), 2-(b) and 3-(c) in 

Fig. 8, and (d)-SEM of crack propagation zone in image (b). 

 

Fig. 12 illustrates the fatigue fracture path collected from both sides of the fatigue specimens 

corresponding to point 1, 2 and 3 in Fig. 8. It was clearly shown that the fatigue fracture path 

had a great difference for the welds prepared at various welding parameters. Fig. 12 (a) shows 

the specimen corresponding to point 1 in Fig. 8. The welding parameters were 800 rpm tool 

rotation speed and 300 mm/min feed rate. The fatigue fracture path is symmetrical in both 

sides of the specimen, basically a straight line on the bottom of the specimen, while on the 

upper part, the fracture path shows a zigzag line which indicates that the final fracture was 

along the kissing bond. Fig. 12 (b) shows the fatigue fracture path of the specimen, which was 

obtained at 800 rpm tool rotation speed and 200 mm/min welding speed. As is clearly shown, 

the fracture path is asymmetrical. The crack initiation part is shown as a straight line from the 

top to the bottom, normal to the fatigue load direction. While the final fracture path is a zigzag 
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line, which is similar to the tensile fracture path. Fig. 12 (c) shows the fatigue fracture path of 

the specimen obtained at 1200 rpm tool rotation speed and 300 mm/min feed rate. The 

fracture path is also asymmetrical, with the only difference from Fig. 12 (b) being that the 

final fracture path is a straight-line inclined 45˚ to the fatigue loading direction (also similar to 

the tensile fracture path). Therefore, these results revealed that the kissing bond had a 

significant contribution to the final fracture in the fatigue behaviour. It is clear that with the 

increase of the kissing bond length in the welds, the area of crack initiation zone increased, 

affecting the fatigue life of the welds. 

 

 

Fig. 12 Fracture path for fatigue specimens corresponding to point 1-(a), 2-(b) and 3-(c) in Fig. 8. 

4.3 Correlating the fracture types with the tensile and fatigue properties 

The relationship between fracture type and UTS of FSW AA5083 is shown in Fig. 13. The 

tensile test results revealed that the welds fractured following type 1 had the highest UTS, 

whereas type 2 was associated with the lowest UTS, and type 3 had average UTS between 

type 1 and type 2. Generally, the welds fractured in type 3 had acceptable UTS when the HI 

was in the moderate level (between 5 and 10 r2/m·min). However, when the HI was above or 

below that range, the UTS of the welds were relatively lower and the fracture type changed to 

a combination of type 1 and type 2. Type 2 fracture actually resulted in the lowest UTS. In 

one occasion, two conditions displaying the same HI (~5 r2/m·min) were found to yield 

extremely contrasting UTS, suggesting that the HI is not a reliable parameter to correlate the 

fracture type with the tensile properties, although it correlates reasonably with the kissing 

bond length (Fig. 5) 
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Fig. 13 The relationship between fracture type (FT) and UTS of FSW AA5083. 

 

Similar to the tensile fracture, a shear fracture path due to fatigue loading had a longer fatigue 

life, whereas the path along the kissing bond was associated with a shorter fatigue life. The 

increase in the kissing bond length reduced the area of the final fracture region and enlarged 

the area of crack initiation, which resulted in a shorter fatigue life. 

5. Conclusions 

In this study, 6 mm AA5083-H112 friction stir butt welds were prepared using different 

welding parameters combinations. The kissing bond length in the welds was quantitatively 

measured, studying its influence on the tensile and fatigue properties of the welds and the 

process parameters interactions. Besides, the tensile and fatigue properties and fracture types 

and their relationship with the process parameters were studied. The following conclusions 

were drawn:  

●  The length of the kissing bond was found to have a reasonably linear relation with the 

heat input (HI), which depends on the tool rotation speed and feed rate.  

●  With the increase in the length of the kissing bond, the tensile UTS and EL increased first 

and then decreased, while the YS had no obvious trend with the kissing bond length. 

Besides, the fatigue life of the welds was longer with the shorter kissing bond. 

●  The tensile UTS and fatigue life of the welds were strongly correlated with the fracture 

types. The shear fracture resulted in higher tensile UTS and longer fatigue life, while poor 
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strength and fatigue properties were associated with the welds showing a fracture path 

along the kissing bond.  
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