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A B S T R A C T

5A06-O and 2219-T87 aluminum alloys are promising candidates for propellant tanks. In this study, refill friction 
stir spot welding (refill FSSW) with a 0.1 mm offset was applied to produce defect-free 5A06-O/2219-T87 welds. 
A Box-Behnken method and statistical analysis were used to optimize the processing parameters, by determining 
the influence of welding parameters on lap shear strength (LSS). Plunge depth was the most influential parameter 
on LSS. All joints failed through the weld seam, including those tested at − 55 ◦C. Microhardness measurements 
showed a slight increase in the 5A06 sheet over time, while the 2219 sheet exhibited significant hardness 
reduction. Microstructural analysis revealed typical features of refill FSSW, including a heat-affected zone, 
thermo-mechanically affected zone, stir zone, hook, and joint-line remnants. Novel findings include the identi
fication of an onion structure in the welds, characterized by fine equiaxed grains and nanoprecipitates that 
contribute to weld’s hardness. This unique microstructure, formed under the thermal and mechanical conditions 
of the FSSW process, strengthens the material and enhances its mechanical performance. Stop-action tests 
provided insights into material flow and microstructural evolution during welding. While conventional refill 
FSSW could not produce defect-free welds, the findings highlight the potential of the 0.1 mm offset refill FSSW to 
enhance weld quality, supporting its application in aerospace components requiring high mechanical integrity 
across extreme temperature ranges.

1. Introduction

Aluminum alloys have been widely applied in the transportation 
industries to reduce structural weight and fuel consumption. Among 
them, the 5A06 stands out given the high strength-to-weight ratio and 
corrosion resistance, being applied in automotive, shipbuilding and 

aerospace sectors [1–3]. The 5A06 alloy belongs to the Al–Mg system, 
with Mg content ranging from 5.8 to 6.8 wt%, leading to the formation 
of Al3Mg2 precipitates within the aluminum matrix. In contrast, the 
2219 Al-alloy is also characterized by its high ductility and outstanding 
cryogenic properties, making it widely used in propellant tanks, being 
exposed to very low temperatures [4–7].

* Corresponding author. State Key Laboratory of Solidification Processing, Shanxi Key Laboratory of Friction Welding Technologies, Northwestern Polytechnical 
University, Xi’an, 710072, China.

** Corresponding author. Federal University of São Carlos, Department of Materials Engineering, Rod. Washington Luís, km 235, São Carlos, SP, 13565-905, Brazil.
E-mail addresses: cuifan2004@126.com (F. Cui), gykoga@ufscar.br (G.Y. Koga). 

Contents lists available at ScienceDirect

Journal of Materials Research and Technology

journal homepage: www.elsevier.com/locate/jmrt

https://doi.org/10.1016/j.jmrt.2025.03.200
Received 24 January 2025; Received in revised form 10 March 2025; Accepted 21 March 2025  

Journal of Materials Research and Technology 36 (2025) 1091–1104 

Available online 22 March 2025 
2238-7854/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license ( http://creativecommons.org/licenses/by- 
nc/4.0/ ). 

https://orcid.org/0000-0002-5067-843X
https://orcid.org/0000-0002-5067-843X
https://orcid.org/0000-0003-0792-1139
https://orcid.org/0000-0003-0792-1139
mailto:cuifan2004@126.com
mailto:gykoga@ufscar.br
www.sciencedirect.com/science/journal/22387854
https://www.elsevier.com/locate/jmrt
https://doi.org/10.1016/j.jmrt.2025.03.200
https://doi.org/10.1016/j.jmrt.2025.03.200
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2025.03.200&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Despite their excellent properties, most aluminum alloy joints pro
duced by conventional welding techniques often display issues related to 
porosity, liquation and solidification cracks [8–11], compromising the 
quality and the mechanical strength of critical engineering components. 
Refill Friction Stir Spot Welding (refill FSSW), a solid-state joining 
technique derived from Friction Stir Welding (FSW), has emerged as a 
suitable alternative to overcome defects associated with fusion welding 
processes. The process has successfully been applied to join both similar 
and dissimilar materials, including Al/Al [12–17], Mg/Mg [18,19], 
Al/Mg [20,21], Al/Ti [22–24], Al/Steel [25,26], and Mg/Steel [27–29]. 
Compared to the classical Friction Stir Spot Welding (FSSW), the main 
advantage of refill FSSW is the complete refilling of the weld, since in 
FSSW the tool lefts an exit hole at the end of process, which may act as a 
stress and corrosion concentrator [30], compromising the weld perfor
mance and durability.

The refill FSSW process uses a cylindrical non-consumable tool 
constituted of three independent components: a clamping ring, a 
shoulder, and a probe. Fig. 1a shows the overlapped sheets hold tightly 
by the clamping ring to avoid escaping of plasticized material during the 
process. Shoulder and probe start to rotate and, due to an axial force, the 
shoulder is forced against the top sheet up to a predetermined plunging 
depth, while the probe is simultaneously retracted, Fig. 1b, ensuring 
enough room according to plastic incompressibility. The plasticized 
material, heated from friction between the shoulder and the material 
surface, flows into the cavity created by the probe retraction. When the 
preset depth is reached, the shoulder moves upward and the probe 
moves towards, returning to surface level, Fig. 1c. This step of the pro
cess forces the plasticized material, which was occupying the cavity, to 
fill the hole left by the shoulder. After the welding cycle is complete, the 
tool is removed, Fig. 1d.

However, despite its advantages, refill FSSW can still lead to some 
welding defects, such as lack of mixing, incomplete refill, and voids 
formation [31–35]. The main reasons for the appearance of these defects 
are: i) insufficient material flow during the refilling stage ascribed to an 
inappropriate parameters combination, ii) weak metallurgical bonding 
caused by different heat cycles and thermal gradients during welding, 
and iii) material loss due to stuck material between the threads in the 
outer surfaces of shoulder and probe. Xu et al. [30] and Zhao et al. [32] 
successfully eliminated the aforementioned defects using a surface 
indentation of 0.3 and 0.2 mm of the probe on the last welding step, 
respectively. Recent investigations have also correlated processing 

parameters with joint quality and defect formation in refill FSSW. Fer
reira et al. [35] investigated the occurrence of internal defects in welded 
samples of dissimilar aluminum alloys produced by refill FSSW by 
applying statistical analysis, which identified rotational speed as a key 
factor influencing defect formation, in which low rotational speed 
reduced material flowability, leading to refilling defects and compro
mising the weld strength. Tier et al. [36] evaluated the impact of the 
processing parameters on the microstructure and shear strength of 5042 
aluminum alloy joints produced by refill FSSW, in which they observed 
that reducing the rotational speed from 1900 rpm to 900 rpm increased 
the bonding ligament length, leading to stronger joints.

While these studies have significantly advanced the understanding of 
parameter influence on weld performance, research on refill FSSW of 
5A06-O/2219-T87 aluminum alloys remains unexplored. This alloys 
combination presents challenges due to their distinct hardening mech
anisms, solid solution and grain refinement, and precipitation hard
ening. Understanding how the welding parameters influence mechanical 
properties, microstructural evolution, and joint performance is critical 
for optimizing the use of this technique in aerospace and cryogenic 
applications.

This work investigates the welding parameters influence on lap shear 
strength (LSS) through the Box-Behnken Design (BBD). Furthermore, the 
microstructure, thermal cycle and mechanical properties were analyzed 
using a 0.1 mm offset. This offset consists, during the refilling stage, to 
retract the shoulder up to 0.1 mm below the surface level and to plunge 
the probe up to 0.1 mm below the surface level, which creates a small 
indentation on the welding surface (Fig. 1e and f), while in conventional 
refilling stage both shoulder and probe return exactly to the surface 
level, Fig. 1c and d.

2. Materials and methods

2.1. Aluminum alloys 5A06-O and 2219-T87

Al-sheets were used in this work: 3 mm-thick 5A06-O and 4 mm- 
thick anodized 2219-T87. 5A06 is a non-heat treatable alloy, where the 
O temper designation consists of annealing followed by rapid quench
ing. AA2219 is a heat treatable alloy, and the temper T87 consists of 
solution heat treatment, cold working and artificial aging. The typical 
chemical composition ranges of the Al-alloys are presented in Table 1.

Fig. 1. Schematic illustration of the conventional and the 0.1 mm offset refill FSSW process through the shoulder plunge variant. a) Clamping stage and initial tool 
rotation, b) shoulder plunging and probe retraction, c) shoulder and probe’s returning to surface level, d) tool removal, e) refilling stage, showing the shoulder 
retraction up to 0.1 mm below the surface level and the probe plunging up to 0.1 mm below the surface level, f) welding joint with 0.1 mm indentation on the surface.
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2.2. Welding process

The welds were produced using the Harms & Wende® RPS200 ma
chine (Fig. 2) through the shoulder plunge variant with a 0.1 mm offset. 
The 0.1 mm offset was applied to further enhance defect mitigation, as 
conventional refill FSSW resulted in voids, compromising joint integrity. 
The welding tool consists of a 9-mm-diameter shoulder made of tungsten 
carbide cobalt alloy, a 6-mm-diameter probe, and a 17-mm-diameter 
clamping ring made of Hotvar tool steel. Both probe and shoulder 
have threads on their outer surfaces to improve the material flow.

Thermal cycle measurements were carried out using 0.5-mm-diam
eter K-type thermocouples, positioned 0.2 mm below the welding 
interface. The holes were located at 0, 3.75, and 5.9 mm distance from 
the welding center, corresponding to regions affected by the probe, the 
shoulder, and the clamping ring, respectively, to obtain the temperature 
distribution in the main regions of the weld and, consequently, assist in 
the study of the weld’s metallurgical behavior.

2.3. Design of Experiments

Box-Behnken Design, a response surface methodology (RSM), and 
analysis of variance (ANOVA) were used as statistical analysis tools to 
evaluate the influence of process parameters on the lap shear strength. 
This methodology was selected as it provides a comprehensive dataset 
while requiring only a small number of experiments. Furthermore, 
recent works [31,37–39] have showed that BBD is suitable and effective 
approach to optimize the processing parameters in solid state joining 
processes. A total of 15 runs were performed to correlate the lap shear 
strength and welding parameters to obtain an optimal parameter com
bination that maximizes the lap shear strength of the weld. Rotational 
Speed (RS), Plunge Depth (PD) and Plunge Speed (PS) were chosen as 
the main parameters. The variation in rotational speed allows the 
evaluation of the frictional heating and material plasticization, while 
plunge depth allows the evaluation of the material consolidation, and 
the plunge speed influences heat input and may help to prevent abrupt 

material deformation. Dwell time (DT) was kept constant at 1 s for all 
parameter combinations to maintain consistency and eliminate its 
variability as a factor in the analysis. The main welding process pa
rameters and their levels are detailed in Table 2. The statistical analysis 
was performed via Minitab® 19 software.

2.4. Mechanical testing

LSS tests were performed using a universal testing machine Zwick/ 
Roell® 1478 with a load capacity of 100 kN, and displacement speed of 1 
mm/min at room temperature. The specimens used are schematically 
presented in Fig. 3. Four replicates of the optimized condition were also 
tested: two at room temperature and two at low temperature (− 55 ◦C). 
The fracture surfaces of the optimized condition were analyzed by scan
ning electron microscope (SEM) for both temperatures in a FEI Quanta 
400 microscope. Vickers hardness measurements were conducted using 
Struers® DuraScan machine, according to ASTM E384-17. Two hardness 
profiles were made in the cross-section of the weld: one in the middle of 
top sheet, i.e., in 5A06 and the other one in the middle of the bottom 
sheet, i.e. in AA2219. The applied load, indentation time and distance 
between each indentation were 0.1 kg, 10 s and 0.15 mm, respectively. 
Hardness profiles were performed in as-welded condition and after 1, 4 
and 7 days after welding to evaluate the natural aging effect.

2.5. Microstructural characterization

To reveal the grain structure in the different welding zones, the cross- 
sections of the welds were prepared according to standard metallo
graphic procedure, electrolytically etched with Barker solution at 20 V 
for 60 s, and subsequently analyzed using a Leica® DM IRM optical 
microscope (OM) coupled with polarized light. A TESCAN MIRA scan
ning electron microscope coupled with Energy-Dispersive X-ray Spec
troscopy (EDS) detector was employed to characterize the intermixed 
layers located on shoulder path of the optimized condition weld.

Transmission Electron Microscopy (TEM) analysis was conducted 
using a FEI Tecnai G2–20 TEM equipped with a Field Emission Gun 
(FEG) source, operating at 200 kV, and an EDS detector for composi
tional analysis. The TEM sample was prepared via a Focused Ion Beam 
(FIB) system integrated into a dual-beam scanning electron microscope 
(Quanta 3D FEI SEM) featuring a Ga-ion source, ensuring precise and 
site-specific specimen extraction.

Stop-action experiments were carried out to visualize the material 
flow behavior and understand the formation of defects during both the 
plunging and refilling stages of the process. A stop-action experiment 
consists in interrupting the welding operation at a specific plunge depth 
by pressing the emergency stop button. Immediately after the inter
ruption, the welds were rapidly quenched in cold water to preserve their 
microstructure features at the moment of interruption. For the plunging 
stage, the process was halted at 1, 2 and 3 mm plunge depths, allowing 
the visualization of the material flow evolution as the tool penetrated 

Table 1 
Reference for chemical composition (wt%) of 5A06-O and 2219-T87 aluminum alloys.

Material Cu Mg Mn Zn Si Fe Ti Zr V

5A06-O ≤0.1 5.8–6.8 0.5–0.8 ≤0.2 ≤0.4 ≤0.4 0.02–0.1 – –
2219-T87 5.8–6.8 ≤0.02 0.2–0.4 ≤0.1 ≤0.2 ≤0.3 0.02–0.1 0.1–0.25 0.05–0.15

Fig. 2. Harms & Wende® RPS200 machine used to produce welds in this work.

Table 2 
Welding process parameters and their levels employed.

Parameters Levels

− 1 0 1

Rotational speed (rpm) 1000 1500 2000
Plunge speed (mm/s) 1 1.5 2
Plunge depth (mm) 2.8 3 3.2
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the material. For the refilling stage, stop-action experiments were per
formed for both the conventional refill process and the 0.1 mm offset 
refill process. In these experiments, the process was interrupted at 2, 1, 
and 0.1 mm below the top sheet surface, enabling a comparative 
assessment of material redistribution under different travel factors (TS) 
conditions. The main difference between these two variants lies in the 
travel factor (TS), which represents the ratio between probe retraction 
and shoulder plunging. In the conventional process, this parameter is set 
at 1.25 based on the tool geometry. However, in the offset refill process, 
the 0.1 mm offset applied to the probe and shoulder alters this ratio, as 
described by Equation (1): 

TS=
(3.75 − (− 0.1))

(3 − 0.1)
(Eq. 1) 

In Equation (1), the +0.1 mm term indicates the probe penetration 
depth relative to the weld surface, while the − 0.1 mm term denotes the 
shoulder position below the top sheet surface. As a result, the TS value 
increases from 1.25 to 1.33, leading to an increase in probe speed and, 
consequently, changes in the material flow dynamics during refilling. 
The parameters combination used for stop-action tests was rotational 
speed (RS) = 1500 rpm, plunge speed (PS) = 1 mm/s and dwell time 
(DT) = 1 s. The specific plunge depths at which the welding process was 

interrupted are summarized in Table 3.

3. Results and discussion

3.1. Process parameters optimization

The contribution of the welding parameters on LSS was evaluated 
through the ANOVA (Table 4) and response surface graphs (Fig. 4). As 
shown in Table 4, the model has a coefficient of determination (R2) of 
85.48% and an adjusted coefficient of determination (adj-R2) of 74.58%, 
indication of good fitting between the experimental and the predicted 
responses. Once the confidence level adopted was α = 0.05, all the three 
parameters were significant for the model. The contribution of RS 
(Rotational Speed), PS (Plunge Speed) and PD (Plunge Depth) was 
9.70%, 15.52% and 49.76%, respectively. As reported in other works 
[13,36], PD is commonly one of the most significant parameters on LSS 
for refill FSSW because of its influence on metallurgical bonding be
tween the top and the bottom sheets as there is no melting in refill FSSW.

Fig. 4a indicates how the LSS values vary between PS and RS, 

Fig. 3. Schematic illustration of the refill FSSW specimen for the lap shear test and the microstructure transverse to the rolling direction of each base material. 
Dimensions in mm.

Table 3 
Shoulder and probe positions during stop-action tests with and without offset. 
Sample ID refers to Fig. 10.

Sample ID Shoulder Position (mm) Probe Position (mm)

10(a) 1 − 1.25 Plunging stage
10(b) 2 − 2.5
10(c) 3 − 3.75
10(d) 2 − 2.5 Conventional refilling stage
10(e) 1 − 1.25
10(f) 0.1 0.1
10(g) 2 − 2.42 0.1 mm offset refilling stage
10(h) 1 − 1.09
10(i) 0.1 0.1

Table 4 
Analysis of variance. SS = sum of squares; DF = degrees of freedom; MS = mean 
square.

Source SS DF MS F 
Value

p 
value

Contribution 
(%)

Model 8,353,628 6 1,392,271 7.85 0.005 85.48
RS 948,450 1 948,450 5.35 0.050 9.70
PS 1,517,012 1 1,517,012 8.55 0.019 15.52
PD 4,863,285 1 4,863,285 27.41 0.001 49.76
RS*RS 378,623 1 378,623 1.87 0.208 3.87
PD*PD 268,150 1 268,150 1.51 0.254 2.74
RS*PD 378,108 1 378,108 2.13 0.182 3.87
Error 1,419,496 8 177,437 ​ ​ 14.52
Lack of 

fit
1,006,011 6 167,668 0.81 0.644 10.29

Pure 
Error

413,485 2 206,743 ​ ​ 4.23

Total 9,773,124 14 ​ ​ ​ 100
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keeping the PD constant at 3 mm (level 0). Increasing the RS up to 2000 
rpm and decreasing the PS up to 1 mm/s, the LSS value continuously 
increases. When low RS and high PS were employed, the welds resulted 
in weaker properties due to the insufficient heat input, i.e., poor plas
ticized material flowability, and shorter time to accommodate the 
plasticized material. The relationship of PS and PD, with RS constant at 
1500 rpm (level 0), is shown in Fig. 4b. Increasing the PD up to 3.2 mm 
and decreasing the PS up to 1 mm/s, LSS increases since PD shows a 

great influence on metallurgical bonding in the weld. Fig. 4c displays the 
relationship between RS and PD, with PS constant at 1.5 mm/s (level 0). 
As aforementioned, RS and PD are the two most significant parameters 
on LSS. Increasing RS up to 2000 rpm and PD up to 3.2 mm, the LSS also 
increases. After analyzing the response surface graphs and the contour 
plots, the optimized welding parameters were identified as RS = 2000 
rpm, PD = 3.2 mm and PS = 1 mm/s, and the predicted LSS value was 
9.5 kN. The LSS can be determined by Equation (2):

Fig. 4. Response surface graphs and contour plots of welding parameters influence on LSS. a) RS x PS with fixed value of PD at 3 mm, b) PD x PS with fixed value of 
RS at 1500 rpm and c) PD x RS with fixed value at PS at 1.5 mm/s.
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To check this prediction, four confirmative tests were performed: 
two at room temperature and two at low temperature (− 55 ◦C), since the 
material combination in this study aims to be applied in propellant 
tanks. The results of the confirmatory LSS tests at room and low tem
peratures were 10.8 ± 0.6 kN and 11.9 ± 0.7 kN, respectively. The LSS 

at low temperature was higher in comparison to the LSS at room tem
perature. This behavior can be attributed to a decrease in thermal 
activation, reducing the dislocations’ mobility and resulting in higher 
LSS. In the following, only results produced via the optimized process 
parameters are discussed.

Fig. 5. a) Typical microstructures within the weld, produced with optimized process parameters: b) HAZ/TMAZ interface, c) TMAZ/SZ-P interface, d) SZ-S, e) region 
of shoulder tip influence, f) interface between 5A06-O/2219-T87 and g) center of AA2219-T87 sheet.

LSS (kN) = − 47748 − 12.13⋅RS − 871⋅PS + 39590⋅PD + 0.001197⋅RS⋅RS − 6717⋅PD⋅PD + 3.07⋅RS⋅PD
1000

(Eq. 2) 
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3.2. Microstructure characterization

From this section, welds produced by optimized parameters will be 
considered. The typical cross-section of the 5A06-O/2219-T87 refill 
friction stir spot weld, and its characteristics zones are shown in Fig. 5. 
Fig. 5a indicates no defects such as lack of refill or voids. The stir zone 
(SZ), thermo-mechanically affected zone (TMAZ), heat affected zone 
(HAZ) and, moreover, some geometrical features such as hook, and 
joint-line remnants can also be observed. The joint-line is a fine remnant 
oxide layer, a region with good adhesion between top and bottom 
sheets, resulting in satisfactory mechanical resistance [33,36]. Hook is a 
refill FSSW inherent feature that results from the bending of the sheet. In 
addition, hook also corresponds as a partial joint region and as a tran
sition from the interface region of the non-welded overlapped sheets to 
the completely welded region, being considered as a partially bonded 
zone [36].

Fig. 5b shows the transition between HAZ and TMAZ. HAZ is char
acterized by slightly grain coarsening in comparison to base material 
because of the thermal cycle during the process. TMAZ undergoes plastic 
deformation and thermal cycle, but in lower levels regarding SZ; tran
sition structure between TMAZ and SZ is seen in Fig. 5c. This structure is 
called onion structure, as reported by Cao et al. 40,41 in their study of 
5A06 and 6061, formed during the plunging stage and corresponds to a 
mixture of 5A06 and AA2219. SZ undergoes severe plastic deformation, 
in addition to high temperatures caused by the friction between the tool 
and the material; dynamic recrystallization is favored, resulting in a 
microstructure composed of fine and equiaxial grains. SZ is divided into 
two different regions: stir zone affected by shoulder (SZ-S) and stir zone 
affected by probe (SZ-P). According to Xu et al. [31], as a consequence of 
different material flow and plastic deformation levels during the pro
cess, the SZ-S (Fig. 5d) usually shows smaller grain sizes in comparison 
to the SZ-P (Fig. 5c). This feature can be observed in Fig. 5e, where the 
plunging region of the shoulder is exactly demarcated. This region 
experienced the highest plastic deformation during the process, being 
possible to visualize extremely refined equiaxial grains. Furthermore, 
around this region it is also possible to observe a very complex 

microstructure with different grain sizes and morphologies, i.e., both 
recrystallized and elongated/deformed grains.

Fig. 5f shows the center interface between the sheets, where some 
black fragments (joint-line remnant) and a layer with partially recrys
tallized grains are seen. The middle of 2219 sheet is shown in Fig. 5g. 
Compared to its BM microstructure, the grain size increased in this re
gion. Even though the tool did not penetrate until the middle thickness 
of the AA2219 sheet, the heat input generated in the process affects the 
microstructure.

The onion structure observed in Fig. 5e represents a microstructural 
feature that is not extensively reported in the literature, especially in the 
context of refill friction stir spot welding (FSSW). To gain a deeper un
derstanding of its characteristics, Transmission Electron Microscopy 
(TEM) was employed to analyze this region in detail, as shown in Fig. 6.

The TEM analysis reveals a complex microstructure within the onion 
structure. Fig. 6a shows a bright-field (BF) TEM micrograph that high
lights a variety of precipitates distributed along grain boundaries and 
within the grains. These precipitates are believed to play a crucial role in 
the mechanical properties of the weld, acting as strengthening phases or 
influencing grain boundary behavior. High-magnification TEM micro
graphs (Fig. 6b–g) provide closer views of the specific precipitates 
within the onion structure. These images reveal variations in size, 
morphology, and distribution of the precipitates, which likely originate 
from the intense thermal and mechanical conditions experienced during 
the welding process. The interface regions between grains also show 
evidence of nanoscale features, indicating localized deformation and 
recrystallization.

The electron nanodiffraction patterns in Fig. 6h and i, corresponding 
to selected precipitates from Fig. 6b and e, respectively, further confirm 
their crystalline structures. These patterns suggest that the precipitates 
are likely intermetallic compounds or secondary phases formed due to 
the interaction of 5A06-O and 2219-T87 alloys during the process. 
Energy-dispersive X-ray spectroscopy (EDX) analysis, shown in Fig. 6j, 
provides compositional information about the precipitates and sur
rounding matrix. The atomic percentages of the key elements indicate a 
complex chemistry in the onion region, influenced by the mixing and 

Fig. 6. Transmission electron microscopy (TEM) micrographs of the onion region within the weld. (a) A bright-field (BF) TEM image shows various precipitates 
distributed along the grain boundaries and within the grains. (b–g) High-magnification TEM micrographs provide detailed views of the precipitates identified in 
panel (a). (h, i) Electron nanodiffraction patterns are shown for the regions labeled in panels (b) and (e), respectively. (j) Energy-dispersive X-ray spectroscopy (EDX) 
analyses, presented in atomic percentages, details the chemical composition of the regions highlighted in panels (b–g).
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diffusion of alloying elements from both sheets. Notably, the EDX results 
highlight the presence of elements such as Cu, Al, and Mg, suggesting 
that the precipitates may correspond to phases like Al–Cu–Mg com
pounds commonly found in similar alloy systems.

The microstructural features within the onion region are a result of 
the combined effects of severe plastic deformation and elevated tem
peratures during the plunging stage of the refill FSSW process. This 
distinctive microstructure, characterized by fine equiaxed grains and a 
diverse array of precipitates, plays a crucial role in influencing the 
weld’s mechanical properties, including hardness, which will be dis
cussed in detail later.

During the process, because of material flow caused by the tool 
motion, some layers might appear, as shown in Fig. 7. The AA2219 and 
5A06 are intermixed together on the shoulder path, near the hook re
gion. No pattern on the layer’s distribution was detected, but the 
AA2219 material is pushed up during the refilling stage as can be seen by 
the EDS mapping of Cu. Furthermore, these layers within the shoulder 
path are composed mainly by Al and Cu, both from the top surface of 
AA2219, and Mg from the 5A06 sheet. The anodized layer was broken 
and got scattered in the region affected by the shoulder, while in the 
region without shoulder contact it was preserved. Wen et al. [42] 
observed the presence of these intermixed layers in 2219/6056 welds 
produced by bobbin-tool FSW, and concluded that with increase of 
welding speed, the welded joints became weaker. This argument cor
roborates the observation in this study, when increasing the plunge 
speed, the lap shear strength decreased.

Fig. 8 shows the EDS mapping performed in the mid region of the 
joint-line remnant. Based on the major elements present in both alloys, 
Al and O were observed in the joint-line remnant, while Mg, Cu and Mn 
are present just in the base material. Al shows itself distributed in a layer 
along the joint-line remnant, while O is present with morphology of 
broken fragments because of the tool movement generated during the 
process. This Al layer is most likely the Alclad layer. Li et al. [14] 
evaluated the effect of the Alclad layer in terms of microstructure and 
mechanical properties of 2A12-T4 aluminum alloy processed through 
refill FSSW. This layer has an important role in tensile-shear properties 
of weld joint, depending directly on its length.

3.3. Thermal cycle analysis

Fig. 9a shows the thermal cycle of the weld produced with optimized 
process parameters. The temperature distribution was measured at three 
different positions, which correspond to the regions beneath the probe, 
the shoulder and the clamping ring. The maximum temperature was 
498 ◦C at the weld center, i.e., in the region influenced by the probe. This 
temperature was reached when the shoulder reaches the preset 
maximum plunge depth (3.2 mm). This temperature is slightly higher 
than the maximum temperature obtained in the region underneath the 
shoulder, which was 488 ◦C. The temperature difference compared to 
the region of the clamping ring, which experienced 407 ◦C as the 
maximum temperature, was quite significant. This difference is expected 
since regions subject to deformation, especially during the plunging 
stage, show significantly higher temperatures. A serrated feature, 
Fig. 9b, can be found during the dwelling and refilling stages, probably 
related to a decrease in viscosity of the plasticized material, which leads 
to less generated frictional heat [43].

3.4. Microhardness

The microhardness profiles measured at middle thickness at different 
natural aging times for the optimized condition are shown in Fig. 10. 
Regarding 5A06 sheet, regions outside of the influence of the shoulder 
and probe did not show a significant variation, Fig. 10a, showing 
hardness values between 90 and 95 HV0.1. This is expected, since 5A06- 
O is a non-heat-treatable alloy, meaning that its mechanical properties 
are mainly governed by grain structure rather than precipitate distri
bution. Even though the HAZ is exposed to high temperatures during 
welding, its microstructure did not change significantly compared to the 
BM microstructure as shown in Fig. 3. As aforementioned, an important 
feature is the presence of the onion structure (Fig. 5c), which presents 
localized hardness peaks near the shoulder’s path, in which the values 
vary for the natural aging times. The onion structure, a peculiar 
microstructural feature formed during the refill FSSW process, plays a 
fundamental role in the observed hardness peak. This structure is 
characterized by fine equiaxed grains and a high density of nano
precipitates, which are a direct consequence of the intense thermal and 

Fig. 7. Intermixed layers located on shoulder path for weld produced with optimized process parameters and EDS mapping of Al, Mg, Cu, Mn and O.
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mechanical conditions imposed during the welding process. TEM ana
lyses (Fig. 6) revealed that these precipitates are distributed both along 
grain boundaries and within the grains. It is suggested that these pre
cipitates significantly enhance hardness by hindering dislocation 
movement, thus improving the strengthening of the weld and the ma
terial’s resistance to plastic deformation. The hardness peaks associated 
with the onion structure can be attributed to the synergistic effects of 
both the refined grain structure and the precipitate strengthening 
mechanism. Therefore, the severe plastic deformation and elevated 
temperatures encountered during the plunging stage of the FSSW pro
cess are key factors that drive the formation of this distinctive micro
structure, in which the high density of precipitates, combined with the 
grain refinement, grant substantial strengthening to the onion region, 
resulting in the highest hardness observed in this study. Thus, the onion 
structure is not only a characteristic feature of the weld but also a main 
contributor of its superior mechanical performance. Regarding natural 
aging, specimens in the as-welded and 1-day natural aged conditions 

showed slight hardness variation, remaining around 105 HV0.1 (see 
Fig. 10a). However, for 4-day and 7-day natural aged welds, the hard
ness significantly increases reaching approximately 130 HV0.1, with 138 
HV0.1 as the maximum obtained value, which corresponds to a 37% 
increase in the hardness compared to the 5A06-O base material. The 
observed hardness evolution suggests that natural aging promotes pre
cipitation hardening in 5A06-O, likely due to secondary precipitation 
phases.

On the other hand, the AA2219 sheet showed a significant decrease 
in hardness near the probe and shoulder regions (Fig. 10b). Since 
AA2219 is a heat treatable alloy, its mechanical properties strongly 
depend on the stability of its precipitates, the exposure to elevated 
temperatures during welding likely may be responsible for grains 
coarsening and dissolution of precipitates, which may lead to the ma
terial’s softening. Although the thermal cycle has not been measured at 
the middle thickness of AA2219, Fig. 9 provides insight into temperature 
variations in different welding regions (underneath the clamping ring, 

Fig. 8. Intermixed layers located on shoulder path for weld produced with optimized process parameters and EDS mapping of Al, Mg, Cu, Mn and O.

Fig. 9. a) Temperature distribution in different welding regions for the optimized welding parameters and b) highlighting of the serrated feature. DT = dwell time.
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shoulder and probe). Therefore, the significant drop in hardness in 
AA2219 alloy suggests that the weld thermal cycle may have exceeded 
critical temperatures for precipitation stability, besides causing grain 
growth.

Therefore, the difference in hardness evolution between AA2219- 
T87 and 5A06-O is mainly due to their distinct strengthening mecha
nisms. AA2219-T87, being a heat-treatable alloy, relies on fine Cu-rich 
precipitates for strength. During welding, the localized high tempera
tures may dissolve or coarsen these precipitates, reducing their 
strengthening effect. Since natural aging at room temperature is not 
sufficient to effectively promote reprecipitation, the alloy remains 
softened after welding. In contrast, 5A06-O, a non-heat-treatable alloy, 
gains strength primarily through grain refinement and solid solution 
strengthening. The severe plastic deformation during welding leads to 
dynamic recrystallization and grain refinement, increasing hardness. 
Additionally, the gradual formation of precipitates in the onion structure 
over time can further contribute to strengthening, explaining the hard
ness increase observed after natural aging.

3.5. Stop-action experiments

In the following, the microstructure evolution during refill FSSW of 
5A06/2219 is analyzed in terms of the performed stop-action experi
ments. In Fig. 11a, where the shoulder plunges only 1 mm in the top 
sheet, the grains in the SZ-P, and right below the SZ-S, begin to 
dynamically recrystallize, clearly visualizing the grain refinement in 
these regions compared to the BM grains. Furthermore, the grains in the 
shoulder’s vicinity start to be smoothly rotated. Fig. 11b shows the cross 
section in the 2 mm plunge depth. As observed in Fig. 11a, the same 
microstructural features are present, but to a higher extent. Moreover, 
the grains in AA2219, right below the interface to the 5A06 sheet, were 
smoothly coarsened because of the thermal cycle generated by the 
process. Another point is the presence of voids in the region influenced 
by the probe. Since this test is abruptly interrupted, there is insufficient 
time for the material to properly fill the different regions of the weld.

For the stop-action experiment at 3 mm plunge depth, Fig. 11c, the 
tool reaches exactly the interface between the top and bottom sheet. 
Note that there is already a bond between them. However, at the test 
interruption, the top sheet has broken exactly in the region influenced 
by the outer surface of the shoulder. Furthermore, because of interrup
tion, there was also a lack of refilling in the surface that was in contact 
with the probe surface. Since the plasticized material is forced to the 
cavity left by the probe during the process, some grains located in the 
central region, influenced by the probe, were not recrystallized. Another 

feature that can be observed is the beginning of onion structure, being 
more visible in the region influenced by the outer surface of the 
shoulder.

In terms of the conventional refill process, Fig. 11d–f, the presence of 
volumetric voids on the shoulder path and lack of refill are seen, both 
starting to form in the first refilling stage and persist until the weld is 
completely formed, as can be clearly seen.

Fig. 11g–i shows the microstructures produced using 0.1 mm offset 
approach. Fig. 11g displays the cross section for this step after the tool 
has been retracted to 1 mm. Even though the refill FSSW process can 
produce weld with symmetric deformations, this feature becomes more 
apparent during the shoulder retraction, being possible to observe the 
different zones and their extents due to the tool movement. Further
more, the joint-line remnant begins to form in a continuous way, 
differently from what was observed in Fig. 11c. Moreover, the hook 
starts to form during the shoulder retraction, very close to outer surface 
of the shoulder, i.e., even though there is no plunging in the bottom 
sheet, the presence of this geometric feature is inherent to the process 
and, as aforementioned, it has a direct influence to the shear strength of 
the weld and its morphology is mainly determined by the rotational 
speed and the plunge depth.

According to Hessel et al. [15], the hook configuration is mainly 
determined by the position and direction of material flow generated 
around the shoulder during plunging and refilling stages, being possible 
to have flat, downward and upward hook configurations. According to 
Zhang et al. [44], the downward flow of materials during FSW prevents 
cavity defects, with the hook typically bending upward under traditional 
FSLW conditions. However, in Offset FSLW (OF-FSLW), the hook bends 
downward due to the material concentrated zone (MCZ) above the lap 
interface. The cold lap morphology varies with tool design and rota
tional speed, with higher speeds compressing the cold lap into a 
bracket-shaped structure. Zhang et al. [45] have introduced the 
Impacting Flow FSLW (IF-FSLW) process, which uses an X-shape 
reverse-threaded pin to address the up-bending hook issue in traditional 
FSLW. This process creates a forky-structured hook through horizontal 
material flow and a downward-bending hook via vertical squeezing, 
significantly improving joint strength. The IF-FSLW joint achieved a 
tensile strength of 410 MPa and 92% joint efficiency, demonstrating its 
effectiveness in producing high-strength lap joints. These studies un
derscore the importance of material flow, tool design, and process pa
rameters in controlling hook morphology and optimizing joint 
performance.

Fig. 11h and i reveal the cross section after the tool has been 
retracted 2 mm and the complete weld using the 0.1 mm offset, 

Fig. 10. Vickers microhardness of optimized condition weld for different natural aging times measured at a) middle-thickness of 5A06-O, b) middle-thickness of 
AA2219-T87.
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respectively. In comparison to Fig. 11g, the main differences are the 
smooth increase in the zones and the trend of the joint-line remnant to 
keep even more concave due to the compression generated by the probe 
in the plasticized material during refilling stage. Moreover, for all the 
analyzed depth during plunging stage, there was complete and suitable 
filling of the weld with no defects such as lack of refilling and volumetric 
voids. As explained above, once the probe speed is increased through the 
modification of travel factor, this increase forces even more the 

plasticized material to refill the cavities left by the shoulder during the 
retraction, producing defect-free welds with good quality.

3.6. Fracture analysis

Fracture morphologies of lap shear samples tested at room temper
ature were evaluated and are shown in Fig. 12, where the failure mode 
was always through the weld, i.e., the crack propagates through the 

Fig. 11. Stop-action samples. Plunging stage interrupted at (a) 1 mm, (b) 2 mm and (c) 3 mm. Conventional refilling stage interrupted at (d) 2 mm, (e) 1 mm and (f) 
0.1 mm. Refilling stage with 0.1 mm offset interrupted at (g) 2 mm, (h) 1 mm and (i) 0.1 mm.

Fig. 12. Fracture surface after lap shear test at room temperature. The fractographies from (a) to (d), and from (e) to (h) correspond to 5A06 and 2219 sheets, 
respectively. (a, e) outer welding region, (b, f) region of influence of the outer shoulder surface, (c, g), region of influence of the internal shoulder surface, (d, h) 
central welding region.
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joint-line remnant. The crack starts at hook and propagates along the 
joint-line remnant. As aforementioned, the hook plays an important role 
in mechanical performance of the weld, and it is mainly determined by 
rotational speed and plunge depth. However, increasing the plunging 
depth could significantly decrease the LSS due to excessively curved 
profile of the hook. Fig. 12a corresponds to 5A06 sheet, and the marked 
regions are shown in higher magnification in Fig. 12b–d. As explained 
previously, the plastic deformation levels generated during the process 
are different along the joint. Fig. 12b reveals the presence of spherical 
dimples, indicating the occurrence of ductile fracture. According to 
Campanelli et al. [19], spherical dimples result from the growth of micro 
voids in the region of the sheet surface which is closest.

Fig. 12c presents the transition between the edge and the weld center 
with elongated dimples, a typical morphology of fracture surfaces sub
jected to shear loading. In the welding center, Fig. 12d, there is a mixture 
between elongated and spherical dimples. Furthermore, the presence of 
some second phase particles inside the spherical dimples was observed. 
Fig. 12e corresponds to the fractured surface of the bottom sheet using a 
lower magnification. As observed in the top sheet, there is a morphology 
transition from the outer region to the central region of the weld. Fig. 12f 
also exhibits plenty of spherical dimples, since this region was subjected 
to the highest shear loading. Elongated dimples can be observed in 
Fig. 12g, but with lower amount in comparison to Fig. 12c, likely due to 
the lower plastic deformation level of the bottom sheet compared to the 
top sheet. For the same reason, the central region of the AA2219 fracture 
surface, Fig. 12h, has shown just quite elongated dimples, differently of 
the observed morphology in the central region of 5A06 fracture surface 
(Fig. 12d). All these characteristics point out to a ductile fracture mode 
of the welds.

Fig. 13 presents the fracture surface after lap shear test at − 55 ◦C. 
Fig. 13a reveals the fracture, with different morphologies for the 
outermost and innermost regions, indicated by letters b and c, respec
tively. Fig. 13b indicates a significant number of spherical dimples, since 
the highest plastic deformation level occurs on that, indicating a ductile 
fracture even for testing at − 55 ◦C. The influenced region by the 
innermost part of shoulder, Fig. 13c, depicts elongated dimples, as 
observed in Fig. 12c. The central welding region, Fig. 13d, shows only 
smooth elongated dimples, differently from the features in Fig. 12d, 
spherical dimples were found as well. This is an indicative that, even if 
ductile, the specimen tested at − 55 ◦C demonstrated a behavior less 

ductile in comparison to the specimen tested at room temperature. 
Regarding the AA2219 sheet fracture surface, Fig. 13e–h, the 
morphology was quite like to that observed at room temperature. 
Fig. 13e corresponds to the influenced region by shoulder, being the 
regions marked by f and g as the outermost and innermost regions, 
respectively. As previously observed, the outermost, Fig. 13f, displayed 
a morphology constituted by spherical dimples, while the most internal 
region, Fig. 13g, presented quite elongated dimples, both indicating the 
occurrence of ductile fracture. The central region, Fig. 13h, shows 
morphology composed both by spherical and smooth elongated dimples, 
differently to the observed on the fracture surface of AA2219 tested at 
room temperature. To sum up, both at room and low temperatures 
(− 55 ◦C), the welds fractured in ductile fashion, interesting to avoid 
catastrophic and fragile collapse upon loading in an extended temper
ature range.

4. Conclusions

This work investigated the welding parameters influence on LSS, 
thermal cycle, mechanical properties and microstructural characteriza
tion on refill friction stir spot welding of 5A06-O/2219-T87 welds. From 
the ensemble of the results and discussion, the following conclusions can 
be drawn. 

1) Design of Experiments were performed through Box-Behnken 
Design. The most significant parameter on LSS was PD with 
49.76% of contribution, followed by PS and RS with 15.52% and 
9.70%, respectively.

2) The optimized process parameters settings were found to be RS =
2000 rpm, PS = 1 mm/s, PD = 3.2 mm and DT = 1 s. Employing this 
parameter setting, the average LSS at room and low temperature 
were 10.8 ± 0.6 kN and 11.9 ± 0.7 kN, respectively.

3) Microstructure shows typical welding zones and the geometrical 
features present in welds produced by refill FSSW: stir zone, thermo- 
mechanically affected zone, heat affected zone, hook and joint-line 
remnant. Furthermore, stop-action showed how the microstructure 
and defects are formed during the process.

4) The onion structure, featuring fine equiaxed grains and nano
precipitates, plays a key role in enhancing the weld’s hardness. These 
precipitates, formed under the thermal and mechanical conditions of 

Fig. 13. Fracture surface after lap shear test at − 55 ◦C. The fractographies from (a) to (d), and from (e) to (h) correspond to 5A06 and 2219 sheets, respectively. (a, e) 
outer welding region, (b, f) region of influence of the outer shoulder surface, (c, g), region of influence of the internal shoulder surface, (d, h) central welding region.
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the FSSW process, significantly strengthen the material within the 
onion structure.

5) The 0.1 mm offset has shown itself as a suitable configuration to 
produce defect-free welds for the 5A06/2219 joints, due to 
increasing travel speed.

6) The thermal cycle shows the maximum temperature during the 
plunging stage in the region influenced by probe, reaching 498 ◦C. 
The temperatures peaks in the region influenced by shoulder and 
clamping ring were 488 ◦C and 408 ◦C, respectively.

7) Through the weld failure mode was observed in lap shear tests both 
at room and negative temperatures. Spherical and elongated dimples 
were observed at the fractured surface, indicating ductile behavior.

8) In summary, this study not only enhances the understanding of Refill 
Friction Stir Spot Welding (RFSSW) in aluminum alloys but also 
underscores its significant potential for aerospace applications. The 
optimized welding parameters, defect-free joints, and superior me
chanical properties demonstrate that RFSSW is a highly promising 
technique for manufacturing lightweight, high-strength propellant 
tanks and other critical aerospace components. These findings 
contribute to the advancement of safer, more efficient, and more 
reliable aerospace systems, meeting the industry’s increasing de
mand for advanced joining technologies.
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