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Abstract 

Refill Friction Stir Spot Welding (refill FSSW) is one of the most industrially promising friction stir 

spot welding variants. The absence of an exit hole improves the effectiveness of surface treatments and 

minimizes damage by fouling. Aerospace aluminum alloys AA2024-T3 and AA7075-T6 with a thickness 

of 2 mm were used in this investigation. A range of values for rotation speed and plunge depth were 

experimented to determine the most promising process parameter combination based on the cross-

section analysis and lap shear strength. The effect of an interfacial sealant on the weld properties was 

determined for both alloys using the most promising process parameter combination. Fatigue life 

analysis and fractography using scanning electron microscopy were performed for specimens with and 

without sealant. 

Highlights 

The effect of the main process parameters on weld static strength of single-spot AA2024-T3 and 

AA7075-T6 was determined.

The lap shear strength of the parameter window explored exceeded the requirements of the spot-

welding standard AWS D17.2/D17.2M:2013.

The impact of using an interfacial sealant on joint properties like the static and fatigue strength as

well as microstructure characteristics of refill FSSW was assessed.

Keywords:

Refill friction stir spot welding, high-strength aluminum alloys, Process parameter optimisation, interfacial 

sealant, Fatigue testing.



1. Introduction 

The increasing number of vehicles, such as cars and aeroplanes, have contributed to an increase 

in greenhouse gas emissions. To address this situation, governments enforce progressively stricter limits 

on carbon dioxide and nitrogen oxide emissions. All transport sectors are being challenged to develop 

innovative solutions that satisfy these limits and the overall demand for more efficient vehicles. In 

addition to the potential efficiency gains by improved powertrain designs, lowering the weight of a vehicle 

is a common solution to improve its efficiency and performance. The use of lighter materials and 

innovative structural designs reduces the vehicle’s propulsion energy requirements. For vehicles 

powered by fossil fuel powertrains, weight reduction also lessens the polluting emissions. 

Due to its relative low cost and attractive strength to weight ratio, high-strength aluminium alloys

such as 7XXX and 2XXX have been extensively used in the aerospace industry for structural 

applications. As explained by Mouritz [1], the 2XXX aluminium alloys are commonly used in fuselage and 

structural applications due to their improved damage tolerance, fatigue resistance and toughness, while 

the 7XXX aluminium alloys are commonly used in higher load-bearing aircraft structures due to their high 

strength. Although the use of these alloys in current and future aeroplanes may be shadowed by the 

increasing use of composite materials, these alloys will remain a relevant structural material with an 

important role in the myriad applications in which they are used. 

Aircraft structures are commonly assembled using single lap or doble lap joints. Mechanical 

fastening has been the most popular joining solution for aerospace structures as joining these alloys via 

conventional fusion-welding techniques can produce solidification defects and results in very low joint 

efficiency. Fasteners such as flush head solid rivets are extensively used in load-bearing aircraft joints as 

they are fit for purpose and have well-established standards and specifications. However, there are 

some drawbacks to this joining method. The consumables are bespoke to a thickness application and 

pre-joining operations like drilling and deburring are required. Galvanic protections are essential,

especially when using fasteners made from a material that is dissimilar to the structure. Furthermore,

riveting adds non-neglectable weight to the aircraft structure when used in large scale. McCarthy and 

McCarthy[2] explained that large commercial aeroplanes, such as the Airbus A380 and the Boeing 747-

800, use about three million fasteners in their assembly. Considering a conservative weight of an 

aluminium rivet of 2 grams, the total weight of fasteners used to assemble an airplane amounts to 6 tons.



This weight saving can be translated into either an increase in the allowable payload of the aircraft or a 

reduction on its propulsion requirements.

Friction welding technologies provide great advantages when welding hybrid structures and 

lightweight materials, such as 2XXX and 7XXX series aluminium, magnesium and copper alloys, which 

can prove challenging to weld using traditional fusion welding methods[3,4]. As a solid-state technology, 

the peak temperatures are lower than the melting point of the material, preventing the common defects 

observed in fusion welding processes. 

Refill friction stir spot welding (refill FSSW), also known as friction spot welding, is a relatively new 

variant of the friction stir spot welding process which was patented by Schilling and dos Santos[5]. Using 

the same rotating tool elements as in friction stir welding, i.e. the shoulder and the probe, the major 

improvement to this variant is their independent vertical movement, allowing to refill the exit hole with the 

material displaced by the tool. The addition of an external static clamping ring enables the production of 

flush surface welds by preventing material losses in form of flash. The refill FSSW process occurs over 

four stages in one continuous process as shown in Figure 1. The welding cycle begins with the 

movement of the tool components to the surface of the top sheet to clamp the overlapped sheets. The 

rotating components remain at this stage for a set period to produce the initial frictional pre-heating. 

Stage 2, the plunging stage, initiates with the shoulder and probe moving in opposite vertical direction to 

each other. Depending on the plunging tool component, the refill FSSW process can be performed in

one of two variants: (i) shoulder-plunge or (ii) probe-plunge. The plunging component travels into the 

base material to a pre-defined depth while the retracting component moves to a pre-defined height, 

thereby maintaining a volume equilibrium and accommodating the displaced material. The contact 

between the plunging component and the base material leads to further heat generation and material 

softening via interfacial frictional coupling and viscoplastic energy dissipation. Once the plunging 

component reaches the pre-defined depth, the plunging and retracting components resume their original 

positions, returning to the top sheet surface, refilling the weld region with the displaced material. The 

extraction of the tool from the base material and unclamping the welded sheets concludes the welding 

cycle. 



Figure 1 - Schematic drawing of the refill FSSW process for A) shoulder-plunge and B) probe-plunge variant. 

Despite its relative industrial infancy, extensive research on the effect of process parameters on 

static mechanical performance and microstructure has been reported for refill FSSW bare joining of 

2XXX and 7XXX aluminium alloys. Da Silva et al.[6] investigated the influence of the plunge depth and 

various combinations of rotation speed values during the plunge and retracting stage on the static 

mechanical strength and microstructure of refill FSSW 2-mm Alclad AA2024-T3. The authors found that 

a plunge depth of 2.5mm and intermediate plunge and retraction rotation speed values, 2400 and 2200 

rev/min respectively, provided the best process parameter combination based on lap shear strength and

cross tension strength. Although the maximum shear stress was below the requirements for an 

equivalent rivet replacement, it was double than its resistance spot welding equivalent. Amâncio-Filho et 

al.[7] studied the effect of rotation speed and joining time on the strength of overlap refill FSSW on

AA2024-T3. The joining time was found to be the dominant process parameter in mechanical 

performance, with the combination of intermediate values for rotation speed and joining time producing 

the best mechanical performance. In the work published by Pieta et al.[8] , a Taguchi Design of 

Experiments (DoE) methodology was applied to optimize the refill FSSW process parameters on 

AA2198-T8. The best process parameter combination based on mechanical performance was 

associated with intermediate values of rotation speed and high values of joining time as well as plunge 

depth. Temperature measurements were found to be relatable to the mechanical performance and were 

used as a process monitoring technique. Li et al.[9] studied the different fracture modes on AA2024-T4

refill FSSW under lap shear conditions. Various values for rotation speed, plunge depth and refilling time 

were experimented to corelate fracture mechanisms with process parameter combinations and 

maximum shear stress values. The plunge depth was found to be the parameter to affect the 



morphology of the hook feature, governing the final fracture mechanism. The effect of the plunge depth 

on the microstructure and lap shear strength of refill FSSW AA2198-T8 was investigated by Yue et al.[10].

Undesirable features like incomplete refill due to material loss, bigger grains and more secondary phase 

particles were observed for excessive plunge depth values. The author also reported a maximum lap 

shear strength for a plunge depth value 0.6 mm below the weld interface. De Castro et al.[11] performed a 

process parameter optimization for refill FSSW 2 mm thick AA2198-T8 overlapped joints using a Taguchi 

approach. High rotation speed and plunge depth were the main process parameters that increased the 

stir zone area, leading to a direct increase of the mechanical performance. The influence of rotation 

speed and joining time on the microstructure and static mechanical properties of refill FSSW AA7075-T6

was investigated by Shen et al.[12] . Microstructural defects such as voids increased in size and number 

with the increase of rotation speed and decrease of joining time. The best results were achieved for low 

rotation speed and intermediate joining time values. Zhao et al.[13] studied the temperature and material 

flow during refill FSSW of Alclad 7B04-T74 aluminium alloy. The author reported results from both 

numerical simulation models and welding experiments, with good agreement between both approaches. 

The peak temperature experienced at the interface between the shoulder and the material surface 

exceeded the melting temperature of both the base material and the eutectic films at its grain 

boundaries. In the research conducted by Kubit et al.[14] , the effect of structural defects on the fatigue 

strength of refill FSSW alclad AA7075-T6 was analysed. C-mode scanning acoustic microscopy (C-
SAM) was used to evaluate the joint quality and characterize flaws such as voids. Results showed that 

C-SAM is a viable method for non-destructive testing in refill FSSW . Furthermore, voids on the corners 

of the weld region were seen to be discontinuous along the circumference and its presence reduces 

significantly the fatigue life. Refill FSSW of AA7075-T6 using a geometrically modified tool was 

performed by Shen et al.[15] . The bottom surface of the threaded shoulder used in this investigation 

possessed three equally distributed trapezoidal grooves. The presence of the grooves in the plunge 

component improved the static and dynamic mechanical properties by eliminating the hook feature. 

Boldsaikhan et al.[16] conducted a refill FSSW process parameter optimization study on the dissimilar 

joining of AA7075-T6 (top sheet) and AA2024-T3 (bottom sheet). The plunge depth, rotation speed and

probe vertical speed were varied to determine the most promising process parameter combination based 

on lap shear strength. The results showed that, under shear loading conditions, the refill FSSW was able 

to meet the required strength for an equivalent aluminium rivet. 



The use of corrosion inhibitor sealants is very common in the aerospace industry due to the wide 

variety of environmental conditions that aircraft structures face during their lifetime. To replace rivet 

joints, refill FSSW in the presence of aerospace grade sealant would need to be thoroughly investigated 

to achieve similar joint performance. However, limited research has been published in this field. 

Schmal et al.[17] investigated the static mechanical properties and microstructure of refill FSSW AA2024-

T3 with and without interfacial sealant. A push probe technique was used to expel the sealant from the 

welding interface, thereby improving microstructure and mechanical performance. Results showed that,

although the technique was effective at expelling the majority of the sealant from the interface, there was 

still some contamination of the weld regions resulting in a detrimental impact on the mechanical strength. 

A negative impact on the static mechanical properties and microstructure of alclad AA7075-T6 refill 

FSSW with interfacial sealant was reported by Kubit et al.[18] . In this work, two types of sealants and 

different application strategies were used. However, a reduction of lap shear strength values between 9 

to 28% when compared to the bare specimens was observed. Mechanical testing of surface-treated 

dissimilar AA7075-T6/AA2024-T3 refill FSSW with faying surface sealant was performed by Boldsaikhan 

et al.[19] . Although a routine to expel the sealant from the weld area and improve the integrity of the weld 

was used, lap shear values decreased compared to the specimen in bare condition. The presence of 

sealant however was seen to improve the fatigue life, most likely due to an elastic dampening effect.

This investigation explores the effect of the presence of an interfacial sealant on AA2024-T3 and 

AA7075-T6 aluminium alloys refill FSSW lapped sheets. Firstly, the influence of the process parameters 

on the mechanical performance and microstructure of bare refill FSSW coupons was determined by 

exploring a range of rotation speed and plunge depth values and analysing the data with a statistics 

software. The most promising process parameter combination was obtained based on weld static 

strength and cross-section examination. Once the most effective parameters were selected for the bare 

condition, additional repeat samples with interfacial sealant were produced for comparison with the 

mechanical performance and microstructure of bare refill FSSW coupons. Fatigue life analysis and 

fractography using Scanning Electron Microscopy (SEM) were performed for coupons with and without 

sealant. 

2. Materials and methods 

2.1. Materials 



In this investigation, AA2024-T3 and AA7075-T6 sheets were used as the base material. The

chemical composition and mechanical properties of the alloys are shown in Table 1 and Table 2,

respectively. 

Table 1 - Chemical composition of AA2024-T3 and AA7075-T6.

Element (wt%) Si Fe Cu Mn Mg Zn Cr Ti Al

AA2024-T3

AA7075-T6

0.09 

0.07 

0.11 

0.17 

4.3 

1.5 

0.52 

0.03 

1.5 

2.4 

0.1 

5.9 

0.01 

0.2 

0.04 

0.03 
remainder 

Table 2 - Mechanical properties of AA2024-T3 and AA7075-T6.

AA 2024-T3 AA 7075-T6

Yield stress σ0.2% (MPa) 343.0 ± 3.0 512.0 ± 2.0 

Ultimate tensile stress σUTS (MPa) 473.0 ± 5.0 580.0 ± 1.0 

Elongation (%) 18.0 ± 1.0 13.0 ± 0.7 

The geometry of the testing coupons is shown in Figure 2. Testing specimens for lap shear and

fatigue testing were produced in accordance with BS EN ISO 18785-4:2018 and

BS EN ISO 14324:2003, respectively. Sheet rolling direction was perpendicular to the loading direction 

on both coupon geometries.

Figure 2 - Lap shear specimen geometry and dimensions for static and fatigue tests.

2.2. Welding procedure 

Interface surfaces were manually cleaned with acetone prior to welding to remove contaminants. 

Similar material and single spot refill FSSW coupons were produced using TWI’s Kawasaki refill FSSW 

C-frame system using the shoulder-plunge variant (Figure 1.A)). As opposed to other systems in the 



market, the shoulder and the probe component operate under force and position control, respectively.

This means that the plunge rate of the shoulder is determined by the input force applied to this 

component during the welding cycle, while the vertical displacement rate of the probe is a constant set

value as part of the input process parameters. Both the shoulder and probe geometries were cylindrical,

with an outer diameter of 7 and 4 mm, respectively. The clamping ring diameter was 16 mm with a

constant clamp force of 7 kN being applied during the weld cycle.

A Full-Factorial Design of Experiments (FFDoE) with two factors and three levels (commonly 

designated as 32 array) was undertaken to determine the optimized weldability range of the selected 

alloys. Table 3 presents the value range of the process parameters varied in the present investigation,

along with the assigned abbreviations. An analysis of variance (ANOVA) was conducted to quantify the 

influence of each process parameter as well as their interaction on the lap shear strength. All the 

statistical analysis in this work was performed using the software MINITAB® 17.

Table 3 - Refill FSSW process parameters. 

Factor Level 1 Level 2 Level 3 

Rotation speed [RS] (rev/min) 1000 1580 2160

Plunge depth [PD] (mm) 2.0 2.2 2.4 

Shoulder plunge force (kN) 14.5 

Probe refill rate (mm/s) 10.0 

Stage 1 dwell time (s) 2.0

Once the most promising process parameter combination was determined, refill FSSW with an 

interfacial aerospace sealant was performed to investigate its effect on the mechanical strength and 

microstructural properties of the weld. A high temperature resistant manganese dioxide-based 

polysulphide polymer sealant was used in this investigation in accordance with industrial practices. A

consistent amount of sealant was applied on the overlapping area of the top and bottom sheets 

distributed evenly across the surface to a thickness of approximately 0.15 mm. The welding cycle was 

performed with the sealant in the uncured state followed by natural curing at ambient temperature. The

sealant properties are shown in Table 4.



Table 4 - Interfacial sealant properties. 

Sealant type PR-1770 class C-12 faying surface sealant 

Viscosity of base compound (poise) 280

Application timeframe (hours) 12

Temperature range (°C) -55 to +180 

2.3. Microstructural and mechanical characterization 

Metallographic specimens were sectioned, polished and etched with Keller’s reagent for 

microstructural analysis. Optical microscopy was conducted using an OLYMPUS GX71 inverted 

geometry optical microscope with a Colorview III camera. The alloys used in this investigation are both 

precipitation hardened and as such, the heat input of the weld process will affect the precipitate 

distribution and mechanical strength. After welding, the material properties will change due to natural 

ageing. Considering that the sealant requires a minimum of 14 days to be fully cured, mechanical 

characterization of bare aluminium specimens and specimens with interfacial sealant was performed 7 

weeks after welding. This measure ensures consistency between the specimen conditions when testing.

Weld static strength was evaluated via unguided lap-shear using an INSTRON 8502 tensile machine 

with a displacement rate of 1 mm/min at room temperature. Three specimens of each process parameter 

combination were tested. Fatigue testing was performed for the most promising process parameter 

combination. A stress ratio of R = 0.1 was set under a sinusoidal axial tensile load with constant 

amplitude and a frequency of 3 Hz. Four loading conditions were tested, with three specimens per 

loading condition and tests were ceased after complete specimen failure. Fracture surfaces were 

inspected under SEM using a Zeiss EVO LS15. 

3. Results 

3.1. Lap shear strength analysis 

Table 5 shows the lap shear testing results of both alloys for the weld conditions obtained from the 

FFDoE. Within the explored process parameter window, lap shear strength values of refill FSSW 

AA2024-T3 ranged between 5.56 ± 0.21 kN and 8.59 ± 0.10 kN, while strength values of refill FSSW 

AA7075-T6 varied between 6.03 ± 0.04 kN and 9.10 ± 0.08 kN. In general, standard deviation values 

varied between 0.6 to 4.6 % of lap shear strength, supporting the consistency and repeatability of the 

results. For both alloys, lap shear strength values improved as plunge depth values increased and 

rotation speed values decreased. The strength gain with the increase of plunge depth can be attributed 



to an increase of welded area and better bonding at the weld interface, while the lower rotation speed 

values contribute to a lower heat input which reduces coarsening and over aging of the strength 

precipitates. The strongest and weakest lap shear strength values were obtained for welding conditions 

W3 and W7, respectively, on both alloys. The optimized process parameter combination within the 

process parameter range explored, based on a “maximum strength” criteria, was obtained for 1000 

rev/min and 2.4 mm, corresponding to condition W3. This condition will be used to determine the effect 

of an interfacial sealant on the weld properties.

Table 5 – Lap shear strength results. 

Welding 

condition 

W1

Rotation 
speed 

(rev/min) 

Plunge 
depth 
(mm) 

2.0 

AA2024-T3

Weld cycle Lap shear 
duration (s) strength (kN) 

5.16 ± 0.08 6.97 ± 0.29 

AA7075-T6

Weld cycle Lap shear 
duration (s) strength (kN) 

4.68 ± 0.02 7.06 ± 0.17 

Failure 

mode 

W2 1000 2.2 5.76 ± 0.49 8.01 ± 0.20 5.30 ± 0.14 8.68 ± 0.19 

W3 2.4 8.15 ± 1.36 8.59 ± 0.10 6.09 ± 0.13 9.10 ± 0.08 

W4 2.0 5.14 ± 0.04 6.00 ± 0.13 4.64 ± 0.01 7.17 ± 0.06 

W5 1580 2.2 5.40 ± 0.18 7.88 ± 0.36 4.92 ± 0.04 8.34 ± 0.06 Shear through 
weld interface 

W6 2.4 6.09 ± 0.13 8.52 ± 0.26 5.51 ± 0.08 9.09 ± 0.11 

W7 2.0 5.04 ± 0.04 5.56 ± 0.21 4.64 ± 0.01 6.03 ± 0.04 

W8 2160 2.2 5.57 ± 0.09 7.47 ± 0.06 4.78 ± 0.01 7.52 ±0.19 

W9 2.4 5.94 ± 0.27 8.27 ± 0.08 5.27 ± 0.03 8.31 ± 0.07 

As a potential replacement for resistance spot welding and riveting, the lap shear strength values 

of refill FSSW should be compared with the strength standards for these joining methods. Based on the 

thickness and material properties of the alloys used in this investigation, AWS D17.2/D17.2M standard 

specifies a minimum value of lap shear strength of 4.76 kN for resistance spot welding. All conditions 

tested in this investigation exceeded this value for both alloys. The lap shear strength design for a 

1/4” MS20426DD AA2024-T31 solid rivet, specified by MMPDS-04, is 8.99 kN and 9.43 kN for AA2024-

T3 and AA7075-T6, respectively. For both alloys used in this investigation, the maximum lap shear 

strength values did not match the strength requirements of an equivalent riveted joint. However, lap 

shear strength values ranged between 95.5 % and 96.5 % of the equivalent rivet lap shear strength 

value. These results further support the potential of refill FSSW as a joining technology for aerospace 

applications. 

Figure 3 presents the load-displacement curve for the strongest and the weakest conditions, W3 

and W7 respectively, of refill FSSW AA2024-T3 and refill FSSW AA7075-T6 under shear loading 



conditions. The minimum strength requirement from both AWS D17.2/D17.2M and MMPDS-04 are also 

shown on each graph. For the strongest and weakest weld condition, both alloys exhibited similar 

behaviour under shear loading conditions, with refill FSSW AA2024-T3 having a slightly higher 

displacement than refill FSSW AA7075-T6 due to its inherent higher elongation. All weld conditions 

exhibited low deformation during the plastic deformation stage, which is coherent with a brittle fracture of 

the weld. 

Figure 3 - Load vs. displacement curve of lap shear static tests, conditions W3 (RS = 1000 rev/min; PD = 2.4 mm) and 

W7 (RS = 2160 rev/min; PD = 2.0 mm) for A) AA2024-T3, B) AA7075-T6. 

Figure 4 and Figure 5 shows the fracture surface of condition W3 with magnified regions obtained 

by SEM of refill FSSW AA2024-T3 and refill FSSW AA7075-T6, respectively. In this investigation, both 

alloys present similar fracture mechanism, described as shear fracture through the interface, with 

different fracture propagation paths. On refill FSSW AA2024-T3, the initial crack propagated through the 

weld nugget, while on the refill FSSW AA7075-T6 the initial crack propagated along the weld interface 

leading to the separation of the top sheet from the bottom sheet. 



Figure 4 - Fracture surfaces of condition W3 AA2024-T3 (RS = 1000 rev/min; PD = 2.4 mm): A) top and B) bottom sheet 

C) SEM fractography and D), E), F) high magnification regions. 



Figure 5 - Fracture surfaces of condition W3 AA7075-T6 (RS = 1000 rev/min; PD = 2.4 mm): A) top and B) bottom sheet 

C) SEM fractography and D), E), F) high magnification regions. 

Figure 4.B and Figure 5.B show the fracture surface on the bottom sheet of refill FSSW AA2024-T3

and refill FSSW AA7075-T6, respectively. Overlapped joining configurations generally possess a 

transition region between the weld area and the unbonded interface, commonly designated as the hook, 

which is prone to stress concentrations. A full description of this feature will be presented in the 

microstructure characterization section. On both alloys, two types of cracks developed on opposite sides 

of the weld: an initial crack initiated by the nucleation of annular cracks at the tip of the hook (Figure 

4.B.1 and Figure 5.B.1) and a circumferential crack, originating at the hook from the opposite side 

(Figure 4.B.2 and Figure 5.B.2) propagating perpendicular to the loading direction. These crack initiating 

sites and the type of cracks that are closely relate to the type of stresses that are being generated on the 

edges of the spot weld. According to Rosendo et al.[20] , due to the asymmetric design of the overlapped 

configuration, the locations from Figure 4.B.1 and Figure 5.B.1 on the bottom sheet relate to areas of 

tensile stresses while the locations of Figure 4.B.2 and Figure 5.B.2 on the bottom sheet relate to areas 

of compressive stresses. For the top sheet, the same locations on the specimen have stresses of 



opposite nature and can explain the appearance of certain type of cracks. A schematic drawing 

explaining this phenomenon is presented in Figure 6.

Figure 6 - Stress regions caused by asymmetric loading. 

Due to the asymmetry of the forces being applied to the specimen, the weld nugget is forced to 

rotate and deform to a certain angle depending on the ductility of the joint before failure. A schematic 

drawing explaining this phenomenon is presented in Figure 7. This rotation generates a perpendicular 

load component on the load vector that is perpendicular to the sheet surface, FN, forcing the crack to 

propagate at an angle with the loading direction. This phenomenon, although of small magnitude, can be 

seen in Figure 4.B and Figure 5.B by the inclined fracture surfaces and by the striation pattern present in 

Figure 4.F and Figure 5.F. Other authors such as Oliveira et al.[3] and Li et al.[21] also observed similar 

specimen behavior. Complete specimen fracture occurred with the interception of both cracks at the 

periphery of the weld nugget. 

Figure 7 - Rotation of the weld nugget due to secondary bending effect.

The ANOVA of the acquired lap shear strength data from AA2024-T3 and AA7075-T6 is presented 

in Table 6 and Table 7, respectively. For this analysis, a confidence interval of 95% (α = 0.05) was used. 

A process parameter is considered relevant to the output if its contribution is higher than the associated 

error. The results between Table 6 and Table 7 are similar, with PD being the factor with the greatest 

influence on the lap shear strength values with a contribution of 78.93% and 73.54% for refill FSSW 



AA2024-T3 and refill FSSW AA7075-T6, respectively. The interaction between factors and the second 

order factors presented a negligible effect on the lap shear strength values. 

Table 6 - ANOVA for the lap shear strength output of refill FSSW AA2024-T3. 

Source DF Sum of 
Squares 

Mean 
Square 

F
value 

P
value 

Contribution 
(%) 

RS 1 2.57 0.78 11.04 0.003 8.62 

RS2 1 0.00 0.00 0.01 0.908 0.00 

PD 1 23.51 0.01 0.20 0.000 78.93 

PD2 1 1.33 1.33 18.66 0.000 4.45 

RS x PD 1 0.89 0.89 12.51 0.002 2.98 

Error 21 1.49 0.07 5.01 

Total 26 29.79 100.00 

Table 7 - ANOVA for the lap shear strength output of refill FSSW AA7075-T6. 

Source DF Sum of 
Squares 

Mean 
Square 

F
value 

P
value 

Contribution 
(%) 

RS 1 4.42 0.08 2.84 0.106 16.68 

RS2 1 1.04 1.04 35.58 0.000 3.94 

PD 1 19.48 1.07 38.46 0.000 73.54 

PD2 1 0.89 0.89 30.18 0.000 3.34 

RS x PD 1 0.04 0.04 1.45 0.242 0.16 

Error 21 0.67 0.03 2.33 

Total 26 26.49 100.00 

Within the process parameter window tested, RS has relatively low influence on the mechanical 

properties of the weld. As previously mentioned, the alloys used in this investigation are designated as 

heat treatable, i.e. their mechanical properties will be influenced by thermal cycles. Since rotation speed 

is one of the process parameters that controls the heat input, the lesser influence of rotation speed on 

the lap shear strength is an interesting result. A possible explanation for this conclusion may be related 

to the number of tool rotations per distance increment, as determined by Equation 1. The rotation speed 

influences the peak temperature and material softening during the welding cycle, i.e. lower rotation 

speeds generate welds with lower peak temperatures. Considering the force-control nature of the refill 

FSSW equipment used in this investigation, the plunge and retract rate were dependent on the 

viscoplastic conditions ahead of the tool, i.e. faster rates for softer materials and slower rates for harder 

materials. Therefore, if the plunge rate decreases for low rotation speed values and increases for high 



rotation speed values, the total number of revolutions of the tool during the plunging stage remains 

reasonably constant or of negligible variance. 

( / )/ ( / ) = Equation 1/ ( / )
Second order regression models were developed to determine the lap shear strength of the joint 

within the process parameter window explored. The model equations are presented in Table 8 with the 

correspondent coefficient of correlation, R2. It should be noted that, for all these equations, the coefficient 

of determination is considerably high (R2 > 0.95). This is an indication that there is good agreement 

between the experimental results and the results from the model. 

Table 8 - Second order regression equations for AA2024-T3 and AA7075-T6. 

Base 
Material 

AA2024-T3

Equation 
(kN)LSS = −52.4 − 5.93 × 10 × RS + 53.7 × PD − 11.75 × PD+ 2.346 × 10 × RS × PD

R2

value 

0.997 

AA7075-T6 LSS = −49.45 + 1.94 × 10 × RS + 1 × 10 × RS + 46.66 × PD − 9.61 × PD+ 5.14 × 10 × RS × PD 0.982 

To determine the accuracy of the models, specimens with process parameters from within the 

explored process parameter window were performed and tested to compare the experimental lap shear 

strength value (LSS actual) against the predicted value from the model (LSS predicted). The results are

presented in Table 9 and it can be observed that the discrepancy between the predicted and the 

experimental shear values is very small, confirming the accuracy of the model. 

Table 9 - Comparison between the experimental lap shear strength results and the lap shear strength values obtained 

by the regression models.

Refill FSSW 
Material 

Rotation Speed 
(rev/min) 

Plunge Depth 
(mm) 

LSS predicted 
(kN) 

LSS actual 
(kN) 

Error 
(%) 

AA2024-T3 1280 2.4 8.51 ± 0.60 8.27 ± 0.09 2.80 

AA7075-T6 1280 2.4 9.22 ± 0.39 8.96 ± 0.06 2.94 

Figure 8 presents the contour plot of the equations presented in Table 8. The dominant effect of 

the plunge depth parameter on the lap shear strength can also be confirmed by a higher variation of lap 

shear strength along the X-axis than the Y-axis. 



Figure 8 - Contour plot of lap shear strength as function of process parameters for A) refill FSSW AA2024-T3 and B) 

refill FSSW AA7075-T6. 

Figure 9 presents the load-displacement curve of W3 with interfacial sealant for the refill FSSW 

AA2024-T3 and refill FSSW AA7075-T6 under shear loading conditions. The minimum strength 

requirement from both AWS D17.2/D17.2M and MMPDS-04 are also shown on each graph. As reported 

in the introduction, the use of interfacial sealants on refill FSSW tends to have a detrimental effect on the 

mechanical properties. The sealant layer acts both as a thermal insulator and material mixing barrier 

leading to sealant entrapment in the weld area. In this investigation, the presence of the interfacial 

sealant improved the lap shear strength of both alloys with an increase of 44 % and 51 % for AA7075-T6

and AA2024-T3, respectively, compared to the bare material condition. Considering that low rotation 

speed values reduces the heat input and improves the weld lap shear strength, it is likely that this 

strength increase was caused by a lower peak temperature due to the energy absorption by the sealant 

during volatilization of the solvent. 



Figure 9 - Lap shear test load vs. displacement curve for AA2024-T3 and AA7075-T6 with sealant of W3 condition 

(RS = 1000 rev/min; PD = 2.4 mm).

Figure 10 and Figure 11 shows the fracture surface of condition W3 with sealant along with 

magnified regions obtained by SEM of refill FSSW AA2024-T3 and refill FSSW AA7075-T6, respectively. 

Both alloys present similar fracture mechanism to the one observed in the bare specimen condition, 

described as shear fracture through the weld interface. However, as opposed to what was observed 

under bare conditions, the crack propagated through the weld nugget on refill FSSW AA7075-T6 and 

through the weld interface on refill FSSW AA2024-T3. Poor bonding and material stirring at the weld 

centre can be observed in Figure 10.C and E while tearing of the weld centre can be observed in Figure 

11.A and E. Away from the weld area, a predominant cohesive failure can be observed. Despite not 

using any technique to expel the sealant prior to the welding cycle, most of the sealant was displaced 

away from the weld area as observed in Figure 10.A, B and F as well as in Figure 11.A and B. 

Microscopic analysis will provide further indication of any sealant remnants within in the weld region. 



Figure 10 - Fracture surfaces of condition W3 AA2024-T3 with sealant (RS = 1000 rev/min; PD = 2.4 mm): A) top and 

B) bottom sheet along with C) SEM fractography and D), E), F) high magnification regions. 



Figure 11 - Fracture surfaces of condition W3 AA7075-T6 with sealant (RS = 1000 rev/min; PD = 2.4 mm): A) top and 

B) bottom sheet along with C) SEM fractography and D), E), F) high magnification regions. 

As mentioned before, an increase in the lap shear strength values for the refill FSSW with sealant 

specimens was observed. Another possible explanation for this phenomenon can be the adhesion layer 

of sealant at the vicinity of the spot weld. Once fully cured, specimens only bonded with sealant were 

also tested under shear loading conditions producing an average lap shear strength value of 2 kN. 

Therefore, the load distribution through this area further prevented nugget rotation. As observed in the 

work of Amancio-Filho et al.[22] , one of the main bonding mechanisms for joining of AZ31 magnesium 

alloy and carbon fibre reinforced poly (phenylene sulphide) was the interfacial chemical adhesion 

between the polymer and the alloy.

3.2. Microstructure characterization 

Figure 12 and Figure 13 present the refill FSSW cross-section of weld condition W3

(RS = 1000 rev/min; PD = 2.4 mm) for refill FSSW AA2024-T3 and refill FSSW AA7075-T6, respectively. 



The three common weld areas can be identified based on the microstructural changes, namely the stir 

zone (SZ), the thermo-mechanically affect zone (TMAZ) and the heat affected zone (HAZ). 

Figure 12 - Cross-section of refill FSSW AA2024-T3 performed with welding condition W3 (RS = 1000 rev/min; 

PD = 2.4 mm), with detailed micrographs from A) SZ/TMAZ interface and B) hook geometry. 

Figure 13 - Cross-section of refill FSSW AA7075-T6 performed with welding condition W3 (RS = 1000 rev/min; 

PD = 2.4 mm), with detailed micrographs from A) hook geometry and B) SZ/TMAZ interface. 

The SZ is an area where the material undergoes extreme plastic deformation and frictional heating 

driven by the tool action. This combination of heat and deformation leads to dynamic recrystallisation 

producing a fine and equiaxed microstructure. The SZ is located at the centre of the spot-weld and can

be further divided into the area processed by the shoulder (SZS) and the area processed by the probe 



(SZP). As explained by Suhuddin et al.[23] , due to the increase in the peripheral velocity of the tool, the 

average grain size present in the SZS is smaller than the one at the SZP. In this investigation, no visible 

distinction can be observed between the two sub-areas on AA2024-T3 or AA7075-T6. This suggests an 

even distribution of frictional heat and material deformation in the SZ, promoting even dynamic 

recrystallisation along the whole weld area. 

The interaction between the edge of the rotating tool and the base material produces in its vicinity 

a narrow area with a refined grain structure, corresponding to the TMAZ. This area does not undergo 

dynamic recrystallisation, as opposed to the grains in the SZ, due to the moderate strain rate and the 

lower temperatures. However, grain refinement is observed near the SZ/TMAZ interface and gradually 

decreases as the stirring action from the tool becomes less present. The TMAZ can present a deformed 

structure when compared to the base material rolling direction, as observed in the studies conducted by 

de Castro et al.[24] and Zhao et al.[25] . This can be explained by the material movement during the 

different stages of the welding cycle and by the presence of external geometrical features on the 

plunging component. The fact that the tool used in the present work had no external features on the 

shoulder can explain the lack of significant grain deformation in the TMAZ. This is consistent with what 

was reported by Ji et al.[26] , as this tool design produces less downward flow compared to threaded 

plunging components. 

The HAZ is the area located between the TMAZ and the base material and only experiences a 

thermal cycle due to heat conduction. This promotes grain growth and coalescence of second phase 

precipitates, leading to a decrease of the mechanical properties of the weld. 

A shallow surface indent on the probe region was observed in Figure 12 and Figure 13, which can 

be attributed to incorrect tool referencing. The joint line remnant is created between the top and bottom 

sheet in the SZ due to the original aluminium oxide films at the lap interface. Its usual curved shape is 

due to the material movement during the refilling stage. In this study, this feature is not evident which 

suggests a significant degree of material mixing and effective breakdown of the oxide film. The hook 

area is shown in Figure 13.B and consists on the geometrical feature produced at the transition between 

the unwelded and welded interface. Due to the material flow direction in this region, it is common to find 

voids and internal defects in this area. As explained by Kwee et al.[27] , these internal voids are formed by 

poor material flow to fill the corners of the weld nugget during the refill stage. The impact of the hook in 

the structural integrity of the weld is not clear, with various authors reporting different relationships 



between the lap shear strength and the hook height, i.e. the distance between the original interface and 

the tip of the hook. Santana et al.[28] reported that higher hook heights related to weaker joint strength. 

However, no correlation between shear values and hook height was found for the study of de Castro et 

al.[24] for refill FSSW of AA2198-T8. In this investigation, although the fracture initiated on the hook, no 

relationship between the hook height and the lap shear strength value of a welding condition was found. 

No internal voids or volumetric defects can be observed in the cross sections on both alloys for 

welding condition W3, supporting the correct choice of process parameters. Based on the trend 

observed for the lap shear strength values, low rotation speed and deeper plunge depth values improved 

the mechanical performance. However, this trend could lead to process parameter combinations 

unsuitable for welding due to low frictional heat. Both Kubit et al.[29] and de Castro et al. [24] reported 

internal and volumetric defects for welds with low rotation speed values due to insufficient heat input to 

plasticize the material. In this investigation, as shown in Figure 14, internal voids were observed on the 

bottom edge of the weld nugget for welding conditions with low rotation speed and shallow plunge depth 

values, e.g. W1. This is an indication of unsuitable welding conditions and a process boundary within the 

parameter window tested.

Figure 14 - Internal defects on refill FSSW cross-sections performed with welding condition W1 (RS = 1000 rev/min; 

PD = 2.0 mm) of A) AA2024-T3 and B) AA7075-T6. 

Figure 15 and Figure 16 present the cross-section of welding condition W3 (RS = 1000 rev/min; 

PD = 2.4 mm) for refill FSSW AA2024-T3 and refill FSSW AA7075-T6, respectively, with sealant. The 

weld structure of the refill FSSW is, in general, similar for the bare and with sealant specimens. No 

volumetric or internal defects can be observed, however the joint line remnant in the specimens with 

sealant is much more visible. This can be explained by the presence of small amounts of sealant trapped 

between the weld interface that mix with the oxide films, which will display a different colour tone when 



etched. This was also observed by Boldsaikhan et al.[19], where the use of Keller’s reagent reacted with 

the cured epoxy sealant revealing sealant residue along the joint line remnant.

Figure 15 - Cross-section of refill FSSW AA2024-T3 with sealant performed with welding condition W3 (RS = 1000 

rev/min; PD = 2.4 mm), with detailed micrographs from A) hook geometry and B) SZ/TMAZ interface. 

Figure 16 - Cross-section of refill FSSW AA7075-T6 with sealant performed with welding condition W3 (RS = 1000 

rev/min; PD = 2.4 mm), with detailed micrographs from A) hook geometry and B) SZ/TMAZ interface. 

3.3. Fatigue life analysis 

Table 10 and Table 11 present the loading conditions with the corresponding number of cycles and 

failure modes for refill FSSW AA2024-T3 and refill FSSW AA7075-T6, respectively, in bare and with 



sealant conditions. Fatigue tests were performed using weld condition W3 (RS = 1000 rev/min; PD = 2.4 

mm) and load values, FMax, were determined as a fraction of the mean lap shear strength value (%LSS) of 

each alloy. In this investigation, three different fracture modes were observed: Shear Fracture through 

the Interface (SFI), Through the Sheet (TTS) and Shear through the plug (STP). Through the Sheet and 

shear through the plug failures where observed in the top sheet (TS) and bottom sheet (BS) as well. 

Table 10 - Fatigue load amplitudes and results for refill FSSW AA2024-T3 coupons. 

FMax 
(kN) (%LSS)

1.72 (20%)

Bare coupons 
Cycles (Nf) Failure mode 

577,588 TTS - BS

542,154 
TTS - TS

506,710 

FMax 
(kN) (%LSS)

2.60 (20%)

Coupons with sealant 
Cycles (Nf) Failure mode 
2,398,010 

SFI3,929,380 

3,039,893 TTS - BS

26,675 STP - BS 52,881 

3.01 (35%) 20,389 TTS - TS 4.54 (35%) 165,245 

20,344 SFI 95,440 

2,554 5,094 

4.73 (55%) 3,730 SFI 7.14 (55%) 5,329 SFI

2,924 8,541 

743 SFI 2,740 

6.01 (70%) 743 STP - TS 9.08 (70%) 2,069 

631 STP - BS 593

Table 11 - Fatigue load amplitudes and results for refill FSSW AA7075-T6 coupons. 

FMax 
(kN) (%LSS)

Bare coupons 
Failure Cycles (Nf) mode 

FMax 
(kN) (%LSS)

Coupons with sealant 
Failure Cycles (Nf) mode 

1.82 (20%)

183,600 

193,446 
TTS - TS

2.62 (20%)

2,268,477 

1,851,408 
TTS - TS

203,175 TTS - BS 1,035,882 SFI

32,583 112,557 

3.19 (35%) 24,678 SFI 4.59 (35%) 95,253 

28,410 51,677 

3,165 5,934 

5.01 (55%) 2,613 SFI 7.21 (55%) 5,529 SFI

2,810 3,044 

745 SFI 1,444 

6.37 (70%) 581

461
STP - TS

9.17 (70%) 887

465



For the specimens tested in the bare condition, full fracture was observed before the first million 

cycle within the load ranges tested. The results obtained are consistent with observations from other 

authors such as Lage et al.[30] and Effertz et al.[31] , who also obtained high fatigue life values for 

specimens under low force loading conditions. This outcome suggests that further research into 

solutions for improving high load cyclic loadings performance is required before progressing into sub-

sized component evaluation. A general fatigue life improvement was registered for the refill FSSW 

specimens of both alloys with interfacial sealant. Fatigue life was improved by various factors ranging 

between 2 and 11 times when compared with the bare specimen condition, with the improvement being 

more noticeable under the loading conditions of 20 and 35 %LSS. The overall fatigue life improvement 

can be attributed to the adhesion from the sealant at the edge of the specimen. Once fully cured, the 

sealant restricts sheet separation during cyclic loading, preventing the establishment of peeling stresses

at the hook region, associated with the asymmetric load path applied. Under lower load conditions, this 

mechanism has a greater impact on the fatigue life as the peeling stresses are less severe, and the 

sealant layer is more effective at restricting the nugget rotation.

Figure 17 and Figure 18 present the S-N curve plot obtained from the experimental data for refill 

FSSW AA2024-T3 and refill FSSW AA7075-T6, respectively, in bare and with sealant conditions. For the 

specimens in the bare condition, full fracture at higher loads occurs at similar number of cycles on both 

alloys with an increase in the fatigue life on the AA2024-T3 coupons compared to the AA7075-T6 as the 

cyclic loads decrease. This can be explained by the increase damage tolerance of AA2024-T3 as also 

observed in the static testing. A similar trend can be observed in the curves of the specimens with 

sealant, where the effect of the adhesion layer from the sealant reduces the stress concentration at the 

hook and nugget rotation. 



Figure 17 - S-N curve for refill FSSW AA2024-T3 with and without sealant, of welding condition W3 (RS = 1000 rev/min; 

PD = 2.4 mm), cyclic load ratio 0.1. 

Figure 18 - S-N curve for refill FSSW AA7075-T6 with and without sealant, of welding condition W3 (RS = 1000 rev/min; 

PD = 2.4 mm), cyclic load ratio 0.1. 

Table 12 shows the equations used to plot the S-N curves from Figure 17 and Figure 18 with the 

correspondent coefficient of correlation, R2. It should be noted that, for all the S-N curves, the coefficient 



of determination is considerably high (R2 > 0.95). This means that the model is an adequate fit to the 

experimental data and therefore suitable for an accurate prediction of the fatigue life based on the 

loading conditions. 

Table 12 - Equations of S-N curves with correspondant coeficient of correlation. 

Specimen condition Equation R2 value 

AA2024-T3 (Bare) -0.191F = 21.24 × Nfmax 
0.997

AA7075-T6 (Bare) -0.21F = 26.45 × Nfmax 
0.982

AA2024-T3 (Sealant) -0.164F = 29.92 × Nfmax 
0.998

AA7075-T6 (Sealant) -0.165F = 28.72 × Nfmax 
0.996

Figure 19 shows an example of a through the top sheet failure and SEM micrographs of the 

fracture surface and regions of interest. The crack initiation and development are reasonably similar 

between the top and bottom sheet variant, therefore only the top sheet failure will be analysed. This type 

of failure was commonly observed in specimens that were loaded at 20 %LSS, as in this condition the 

rotation of the nugget was minimized preventing early specimen failure. As seen in Figure 19.A and 

Figure 19.B, a predominant crack initiated on the tensile edge of the spot weld at the hook tip of the top 

sheet, propagating along the weld periphery and perpendicular to the loading direction. The crack then 

propagates through the sheet until full specimen fracture. The appearance of a secondary crack on the 

opposite edge of the weld of the bottom sheet with similar propagation mechanism is common in this 

failure mode, however it was not observed in this specimen. Figure 19.C presents the SZ/TMAZ 

interface with multiple subtle striations due to the refined grain microstructure. Figure 19.D shows the 

centre of the nugget on the top sheet, where the fatigue striations (beach marks) along the fracture 

surface show the propagation direction of the circumferential crack along the spot weld periphery. Figure 

19.E presents the interface between the welded and unwelded regions at different magnifications. The 

longitudinal striation pattern suggests a gradual propagation of the crack from the weld area to the edge 

of the sheet until complete specimen failure. 



Figure 19 - TTS - TS Failure mode observed for refill FSSW AA7075-T6 with sealant under 20 %LSS load condition: A) 

and B) Fracture surface on top sheet as well as SEM micrographs of C) weld centre, D) fatigue striations in the welded 

region and E) transition between welded and unwelded regions. 

Figure 20 shows an example of a shear fracture through the interface failure and SEM micrographs 

of the fracture surface and regions of interest. This type of failure was consistently observed in 

specimens with sealant that were loaded above 20 %LSS. This could be attributed to the presence of 

sealant at the weld interface, contributing to poor bonding in this area. The fracture mechanism is 

comparable to the one observed under static shear loading conditions; however, some particularities can 

be observed due to the cyclic nature of the loading. Figure 20.A and. B present the fracture surface of 

the bottom sheet. The crack initiated in location 1 from Figure 20.A (tensile edge of the spot weld at the 

hook tip of the bottom sheet), propagating along the joint line remnant until full specimen fracture at the 

opposite edge of the spot weld. At halfway, circumferential cracks that began to develop perpendicular to 

the loading direction can be seen but did not reached the surface. The surface at the centre of the weld 

is shown in Figure 20.D. This is an area of low peripheral velocity, so the stirring action is less effective 

which leads to a weaker bond. Fatigue striations can be observed in Figure 20.E along the base of the 



SZ evidencing the propagation of the original crack along the spot weld. Complete specimen fracture 

occurred suddenly as evidence by the smooth surface on Figure 20.F. 

Figure 20 - SFI Failure mode observed for refill FSSW AA7075-T6 with sealant under 55 %LSS load condition: A) and B) 

Fracture surface on top sheet as well as SEM micrographs of C) fracture surface, D) weld centre, E) fatigue striations in 

the JLR and F) failure edge. 

Figure 21 shows an example of a shear through the plug on the top sheet failure and SEM 

micrographs of the fracture surface and regions of interest. This type of failure presents a variation from 

the shear fracture through the interface failure mode, since the crack initiation mechanism is identical but 

not the crack propagation mechanism. In this work, this type of fracture was observed exclusive on bare 

conditions under different loading conditions. This could be attributed to a better bonding at the weld 

interface, preventing crack propagation along the joint line. Figure 20.A presents the fracture surface of 

the bottom sheet. The crack initiated on the tensile edge of the spot weld at the hook tip of the bottom 

sheet (Figure 21.D), propagating at an angle with the loading direction up to the surface of the spot weld. 

A second crack is formed on location 1 from Figure 21.A (tensile edge of the spot weld at the hook tip of 

the top sheet), propagating perpendicular to the loading direction and along the weld. When both cracks 



reach the surface, full fracture of the specimen occurs. The surface at the centre of the weld is shown in 

Figure 21.C. This area exhibits a smooth surface due to the continuous cyclic loading action, with subtle 

crack propagation marks along the surface. A change in the crack propagation rate can be observed 

between the fracture face and the top surface of the spot weld in Figure 21.E

Figure 21 - STP - TS Failure mode observed for refill FSSW AA2024-T3 under 70 %LSS load condition: A) and B) Fracture 

surface on bottom sheet as well as SEM micrographs of C) weld centre, D) hook region, E) failure edge. 

4. Conclusions 

In this investigation, refill FSSW of aerospace grade alloys AA2024-T3 and AA7075-T6 with a 

thickness of 2 mm was performed. Rotation speed and plunge depth values were varied to determine the 

most promising process parameter combination based on lap shear strength and weld cross section 

analysis. Refill FSSW in the presence of an interfacial sealant was performed using the most promising 

process parameter combination to determine the impact of the sealant on the mechanical properties and 

weld microstructure. The following conclusions can be drawn from the present investigation:



Within the process window explored, refill FSSW lap shear strength values in bare condition varied 

between 5.56 and 8.59 kN for AA2024-T3 welds and between 6.03 and 9.10 kN for AA7075-T6

welds. These results surpassed the minimum strength requirements for resistance spot welding and 

were closely matched with an equivalent AA2024-T31 solid rivet. 

For both alloys used in this investigation, weld lap shear strength was improved with low rotation 

speed and deeper plunge depth values. The most effective process parameter combination was 

shown to be condition 1000 rev/min and 2.4 mm, corresponding to weld condition W3.

The ANOVA tables allowed to quantify the contribution of the refill FSSW process parameters on the 

lap shear strength of the joints. For both alloys, plunge depth was the dominant process parameter 

with a contribution between 74% and 79% for AA2024-T3 and AA7075-T6, respectively. 

Under lap shear conditions, the presence of an interfacial sealant improved the lap shear strength 

value by 44% and 51% for AA7075-T6 and AA2024-T3, respectively.

Fatigue test results were used to establish an equation for the S-N curve. Good fitting coefficients 

were correlated for each test condition. Stress concentration from out-of-plane bending and nugget 

rotation promoted crack development at the hook, leading to the early failure of the bare specimens.

The presence of an interfacial sealant improved the fatigue life under all loading levels on both 

alloys, surpassing the first million cycle threshold under the lower load condition.
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Figure captions: 

Figure 1 - Schematic drawing of the refill FSSW process for A) shoulder-plunge and B) probe-

plunge variant. 

Figure 2 - Lap shear specimen geometry and dimensions for static and fatigue tests.

Figure 3 -

Figure 4 - Fracture surfaces of condition W3 AA2024-T3 (RS = 1000 rev/min; PD = 2.4 mm): A) top 

and B) bottom sheet C) SEM fractography and D), E), F) high magnification regions. 

Figure 5 - Fracture surfaces of condition W3 AA7075-T6 (RS = 1000 rev/min; PD = 2.4 mm): A) top 

and B) bottom sheet C) SEM fractography and D), E), F) high magnification regions. 

Figure 6 - Stress regions caused by asymmetric loading. 

Figure 7 - Rotation of the weld nugget due to secondary bending effect.

Figure 8 - Contour plot of lap shear strength as function of process parameters for A) refill FSSW 

AA2024-T3 and B) refill FSSW AA7075-T6. 

Figure 9 - Lap shear test load vs. displacement curve for AA2024-T3 and AA7075-T6 with sealant 

of W3 condition (RS = 1000 rev/min; PD = 2.4 mm).



Figure 10 - Fracture surfaces of condition W3 AA2024-T3 with sealant (RS = 1000 rev/min; PD =

2.4 mm): A) top and B) bottom sheet along with C) SEM fractography and D), E), F) high magnification 

regions. 

Figure 11 - Fracture surfaces of condition W3 AA7075-T6 with sealant (RS = 1000 rev/min; PD =

2.4 mm): A) top and B) bottom sheet along with C) SEM fractography and D), E), F) high magnification 

regions. 

Figure 12 - Cross-section of refill FSSW AA2024-T3 performed with welding condition W3 (RS =

1000 rev/min; PD = 2.4 mm), with detailed micrographs from A) SZ/TMAZ interface and B) hook 

geometry. 

Figure 13 - Cross-section of refill FSSW AA7075-T6 performed with welding condition W3 (RS = 

1000 rev/min; PD = 2.4 mm), with detailed micrographs from A) hook geometry and B) SZ/TMAZ 

interface. 

Figure 14 - Internal defects on refill FSSW cross-sections performed with welding condition W1 

(RS = 1000 rev/min; PD = 2.0 mm) of A) AA2024-T3 and B) AA7075-T6

Figure 15 - Cross-section of refill FSSW AA2024-T3 with sealant performed with welding condition 

W3 (RS = 1000 rev/min; PD = 2.4 mm), with detailed micrographs from A) hook geometry and B) 

SZ/TMAZ interface. 

Figure 16 - Cross-section of refill FSSW AA7075-T6 with sealant performed with welding condition 

W3 (RS = 1000 rev/min; PD = 2.4 mm), with detailed micrographs from A) hook geometry and B) 

SZ/TMAZ interface. 

Figure 17 -

Figure 18 - S-N curve 

Figure 19 - TTS - TS Failure mode observed for refill FSSW AA7075-T6 with sealant under 20 

%LSS load condition: A) and B) Fracture surface on top sheet as well as SEM micrographs of C) weld 

centre, D) fatigue striations in the welded region and E) transition between welded and unwelded 

regions. 



Figure 20 - SFI Failure mode observed for refill FSSW AA7075-T6 with sealant under 55 %LSS 

load condition: A) and B) Fracture surface on top sheet as well as SEM micrographs of C) fracture 

surface, D) weld centre, E) fatigue striations in the JLR and F) failure edge. 

Figure 21 - STP - TS Failure mode observed for refill FSSW AA2024-T3 under 70 %LSS load 

condition: A) and B) Fracture surface on bottom sheet as well as SEM micrographs of C) weld centre, D) 

hook region, E) failure edge. 

Table captions: 

Table 1 - Chemical composition of AA2024-T3 and AA7075-T6.

Table 2 - Mechanical properties of AA2024-T3 and AA7075-T6.

Table 3 - Refill FSSW process parameters. 

Table 4 - Interfacial sealant properties. 

Table 5 – Lap shear strength results. 

Table 6 - ANOVA for the lap shear strength output of refill FSSW AA2024-T3.

Table 7 - ANOVA for the lap shear strength output of refill FSSW AA7075-T6.

Table 8 - Second order regression equations for AA2024-T3 and AA7075-T6.

Table 9 - Comparison between the experimental lap shear strength results and the lap shear 

strength values obtained by the regression models.

Table 10 - Fatigue load amplitudes and results for refill FSSW AA2024-T3 coupons. 

Table 11 - Fatigue load amplitudes and results for refill FSSW AA7075-T6 coupons. 

Table 12 - Equations of S-N curves with correspondant coeficient of correlation. 


