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Abstract

This research explores the evolution of microstructure, mechanical properties, and resistance to corrosion in friction stir
welds (FSW) of rapidly solidified continuously cast thin-strip (TS) AA5182 Al-Mg alloy. The same FSW procedures were
applied to direct chill (DC) cast alloy samples of similar chemical composition with rolled and annealed microstructures to
provide a basis for comparison. This study investigates the effect of the initial microstructure and manufacturing process on
the weld characteristics. The findings indicate that performing FSW on annealed DC samples with a pin rotational speed of
400 rpm and a traverse speed of 160 mm/min results in the largest stir zone area (27.3 mm?) and grain size (20.4+3.1 pm).
The results highlight the significant impact of temperature during FSW on the grain size within the stir zone. The combined
influence of heat generation and severe plastic deformation during FSW leads to the development of a random crystallo-
graphic texture in the stir zone of AA5182 alloy specimens. In contrast to the as-cast TS and as-rolled DC samples, applying
FSW to the annealed DC sample induces the formation of the f-Al;Mg, phase within the stir zone. Moreover, the formation
of finer equiaxed grains in the stir zone of the TS sample contributes to an increased hardness compared to the base metal.
The study concludes that conducting FSW on the as-cast TS AA5182 alloy sample yields the most favorable combination
of hardness, strength, and corrosion resistance when compared to both as-rolled and annealed DC AA5182 alloy samples.
Furthermore, it is emphasized that microstructural changes have a more pronounced impact on the corrosion behavior of
Al-Mg alloys than the residual stress generated by FSW.

Keywords Friction stir welding (FSW) - AA5182 Al-Mg alloy - Rapid solidification - Thin strip casting - Microstructure -
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ductility, aluminum alloys have not completely replaced
other alloys (e.g., steels), and they are still seeking further
application in the transportation industry. However, given
the growing environmental concerns among vehicle manu-
facturers and the pursuit of greater fuel efficiency, the trend
of substituting alloys with aluminum alloys is expected to
continue [1, 2]. In the transportation sector, two commonly
used groups of aluminum alloys are the AI-Mg non-heat-
treatable alloys (i.e., the AA5xxx series) and Al-Mg-Si heat-
treatable alloys (i.e., the AA6xxx series). The overall cost
of heat treatment makes it more challenging to achieve the
reduction in the production costs of AA6xxx series alloys,
i.e., via process optimization. In contrast, the AASxxx series
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alloys can offer a more cost-effective means of increasing the
usage of aluminum alloys in the automotive and other trans-
portation industries especially when the as-formed surface
finish requirement is not as high. AASxxx alloys possess a
favorable combination of attributes, including adequate duc-
tility, weldability, corrosion resistance, and high strength,
and hold significant potential for applications in the trans-
portation sector [2—6].

Numerous researchers and manufacturers are currently
exploring innovative approaches to reduce production costs
and enhance the production efficiency of aluminum alloy
sheets. Recently, Hazelett-CASTechnology™ is devel-
oping a novel casting process called thin strip (TS) cast-
ing, which allows for the continuous casting of aluminum
strips with thicknesses ranging from 2 to 5 mm. This new
TS casting method, with correspondingly faster cooling
than that of conventional direct chill (DC) casting, has the
potential to revolutionize the production of thin aluminum
strips [7-9]. This is an energy-efficient and cost-effective
approach wherein a thin layer of molten metal flows between
two counter-rotating cooling belts, solidifying rapidly and
uniformly [9, 10]. Figure 1 illustrates the schematic produc-
tion routes for both the TS and DC casting, comparing the
two methods. As can be seen from the figure, the TS cast-
ing eliminates the need for intermediate processing steps
of “scalping,” “homogenization,” and “hot rolling,” as well
as a significant portion of the final “cold rolling” stage,
commonly employed in traditional casting techniques such
as DC casting [7, 8]. This results in a significantly shorter

production line for the final sheet products. It is well under-
stood that the reduced melt thickness in continuous casting,
leads to higher quenching rates, and typically results in a
finer microstructure, decreased solute microsegregation, and
ultimately a higher solute supersaturation within the matrix
[10-12].

Welding is often an unavoidable step in the fabrication
process within the transportation industry, and it is crucial
to thoroughly investigate how its input parameters affect
newly developed alloys [7, 13, 14]. Meanwhile, as an envi-
ronmentally friendly solid-state welding technique, friction
stir welding (FSW) stands as a viable option for joining TS
AA5182 strips. Unlike sheets fabricated through the DC
method, which undergo a series of thermomechanical pro-
cessing steps, the strips produced via TS casting exhibit a
rapidly solidified cast structure. Consequently, the micro-
structure development and, therefore, the mechanical proper-
ties in the TS sheets differ from those in DC. Accordingly,
the behavior of the TS sheets during welding may differ sig-
nificantly from that of the conventional DC sheets, thereby
necessitating an investigation into the differences.

Several researchers have investigated the FSW of
AA5xxx series AI-Mg alloy sheets [7, 15-21]. Bagheri
Hariri et al. [22] explored how rotational and traverse speed
affected the mechanical properties and corrosion behav-
ior of FSWed AA5052. They observed that increasing the
welding traverse speed from 200 to 250 mm/min improved
mechanical properties and corrosion resistance and con-
tributed to the formation of a fine-grained structure and a

Fig.1 The schematic repre-
sentation of the TS and DC
casting routes. The innovative
TS production line is shortened
by eliminating intermediate
production steps [8]
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more pronounced passive film. Kwon et al. [23] delved into
the FSW of annealed AA5052 alloys and found that reduc-
ing rotational speed increased the hardness and strength of
the stir zone. At 500 rpm rotational speed and 100 mm/min
traverse speed, the average hardness of the stir zone was
33% higher than that of the base metal. Saravana Kumar
and Rajasekaran [24] investigated the underwater FSW of
AA5083, noting that the ultimate tensile strength of the
joint increased up to 191 MPa due to the high cooling rate.
Yoon et al. [25] studied the impact of welding parameters on
the microstructure and mechanical properties of O-temper
AA5052. Their findings revealed that increasing the traverse
speed and decreasing the rotational speed led to a reduc-
tion in the stir zone grain size while enhancing the hardness
and strength of the joint. Hattingh et al. [26] explored the
influence of tool geometry on the required welding force
and joint strength in AA5083. They found that optimizing
the geometry and using threaded conical pins with vertical
grooves could achieve a joint strength equivalent to 95-97%
of the base metal strength. Hirata et al. [27] investigated
the effect of heat input on the microstructure and ductility
of FSWed AA5083-0. They concluded that increasing the
tool’s rotational speed to traverse speed ratio decreased joint
strength and ductility while causing coarsening of the struc-
ture in the stir zone. Chen et al. [28] examined the impact
of tool angle on the formation of various defects in FSW of
AA5456, finding that the tool angle significantly influenced
the heat input, affecting material flow and leading to defects
formation in the stir zone. Leitao et al. [29] focused on the
mechanical properties of AA5182, noting the relationship
between the thermomechanically affected zone (TMAZ)
and weld strength, the grain size in the TMAZ influenced
the weld properties. Lombard et al. [30] explored how tool
rotational and traverse speeds affected the residual stress
in FSWed AAS5083. They found that increasing heat input
expanded the area under tensile residual stress in joints. Peel
et al. [31] demonstrated that longitudinal residual stresses in
FSW of AA5083 increased with tool traverse speed due to
the formation of more temperature gradients. Sato et al. [32]
investigated the FSW of AA5052, revealing that the maxi-
mum fracture strain occurred when the stir zone contained
grains~ 10 pm in size, and a decrease in fracture strain was
observed in grain sizes larger or smaller than 10 pm. Torze-
wski et al. [33] studied the microstructure and fatigue prop-
erties of FSWed AAS5083 alloys, finding that forming fine
recrystallized grains in the stir zone increased hardness, and

stress concentration at the heat-affected zone of FSW joints
could act as a fatigue crack initiator.

In the existing literature, a substantial portion of the
research pertaining to AAS5xxx alloys revolves around dis-
similar welding involving these alloys and other aluminum
alloy series such as AAlxxx, AA2xxx, and AA6XXX, or
alloys containing various alloying systems. These studies
primarily emphasize the occurrence of defects and mechani-
cal properties [14, 30-32, 34, 35], with a focus on wrought
Al-Mg alloys. Conventional casting techniques produce
ingots that need to be thermomechanically processed into
sheets suitable for welding. In contrast, this study introduces
the innovative TS casting method, which directly produces
cast strips ready for welding, eliminating the need for
intermediate processing steps. Up to this point, a thorough
assessment of the characteristics of TS AA5182 Al-Mg
strip welds has been lacking. Recognizing the importance
of understanding the microstructure and mechanical behav-
ior of these sheets during welding, this study marks the first
comparison of the microstructure evolution and mechani-
cal properties of FSWed TS AAS5182 sheet with those of
as-rolled, as well as annealed, counterparts fabricated via
the conventional DC casting route. Furthermore, this inves-
tigation examines the impact of the welding process on the
corrosion resistance and residual stress development of the
welded samples.

2 Experimental procedure

In this research, samples of TS AA5182 measuring 10X 15
cm? with a thickness of 3 mm were used. For comparison,
as-rolled and as-annealed DC AA5182 specimens were
subjected to FSW alongside the as-cast TS samples. The
chemical composition of the employed sheets, listed in
Table 1, indicates that both samples possess comparable
chemical compositions, with solute contents falling within
the acceptable range for AA5182 alloy [9]. Full-penetration
butt joining of the sheets using FSW was performed along
the length of the cut samples by a H13 steel tool with a
3-5-mm square-side frustum probe and an 18 mm shoul-
der diameter with conical geometry. The pin length was
2.8 mm, and the plunging depth was 0.2 mm. The applied
pin design is represented schematically in Fig. 2. A K-type
thermocouple is inserted in the joint line to control the tem-
perature during welding. The thermocouple was inserted

Table 1 Examined chemical

- Sample type Chemical composition (wt%)
composition for TS and DC
AAS5182 samples Al Mg Mn Fe Si
TS AA5182 Bal 4.38+0.01 0.23+0.002 0.11+0.001 0.04 +0.004
DC AA5182 Bal 4.51+0.03 0.42+0.005 0.17+0.003 0.09+0.001
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Fig.2 The schematic depiction of the H13 tool employed for FSW of
AAS5182 sheet specimens

through the fixture’s designated hole from the underside
of the joining sheets. To precisely record the equilibrium
temperature, the thermocouple made direct contact with the
weld (i.e., the stir zone) and was positioned halfway along
the pin traverse path (i.e., the length of the weld line). The
location of the thermocouple is indicated in Fig. 3. Welding
was performed with a 400 rpm pin rotation and 160 mm/
min traverse speed. Table 2 presents how the specimens are
labeled in this study. The rolled DC sheet was annealed at
350 °C for 4 h before welding to investigate the effect of the
annealed microstructure of the base metal on the properties
of the weld. Various samples were extracted to study the
microstructure, mechanical properties, corrosion resistance,
and residual stress, as shown in Fig. 3. The metallographic
samples were etched after mechanical grinding and polish-
ing using a modified Poulton solution and examined under
an optical microscope (OM) and scanning electron micro-
scope (SEM) equipped with an X-ray energy dispersive
spectrometer (EDS). The joint cross-section was subjected

Table2 The labeling of base metals and welded specimens in this
study

Specimen label Rotational —Traverse Treatment condition
speed speed (mm/
(rpm) min)
TS - - As-cast TS sheet
DC - - As-rolled DC sheet
DC-O - - Annealed DC sheet
W-TS 400 160 Welded as-cast TS sheet
W-DC 400 160 Welded as-rolled DC
sheet
W-DC-O 400 160 Welded annealed DC
sheet

to microhardness tests. Microhardness was measured fol-
lowing ASTM E92 standard [36] with a load of 100 g and
a dwell time of 15 s. The ambient temperature tensile tests
were carried out according to the ASTM ES8 standard [37]
on an STM-250 universal testing machine under the fixed
crosshead speed regime at 1 mm/min speed. At least, three
different specimens machined along the welding line were
examined. The tensile samples were taken from the stir zone
along the weld line and the width of the tensile samples
conformed entirely to the stir zone according to ASTM ES8
standards while any thinning of the thickness due to flash
formation had no impact on the tensile samples. The lon-
gitudinal residual stress of welded samples was measured
using the X-ray diffraction (XRD) technique with Cu-Ko
radiation in the direction perpendicular to the welding line
according to ASTM E915 standard [38]. Analysis was con-
ducted at seven distinct points, each spaced 10 mm apart on
either side of the weld line, with the midpoint of the weld
serving as the reference point. Residual stress measurements

Fig.3 Illustration of the sam-
pling locations for experimental
specimens, including tensile
testing, corrosion testing,

XRD, and metallography on
the welded samples. The areas
highlighted in yellow indicate
the specific zones where the
respective tests were conducted

Corrosion test sample

Tensile test sample

Metallography sample
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and XRD data were acquired from the upper surface of the
experimental samples. When subjected to either tensile or
compressive forces, the interplanar spacing (denoted as “d”)
experiences alterations, expanding, or contracting as a result
of the applied tension or compression. This change in the
distance between crystallographic planes at a fixed wave-
length will appear as a shift in the position of the diffrac-
tion peak (A#), according to Bragg’s equation [39] and the
definition of strain:

_d-d

€ 0 — _cothAd (1)

0

where “d,)” is the interplanar spacing in the state of no strain
for the diffractive plane, “d” is the interplanar spacing under
strain, and “0” is the diffraction angle. For calculation of the
stress tensor (i.e., normal stresses including o, Oyys ando,,),
it is necessary to calculate the normal strains (i.e., €, Eyys
and ¢,_,) which can be obtained from Eq. (1). The following
equation provides the value of the stress component along
the x-axis (i.e., welding direction):

E

O = m [(1 B V)Exx + V(E}'}’ + gzz)] (2)

where “E” is Young’s modulus and “v” is Poisson’s ratio
(~0.3). The corrosion resistance of samples was evaluated
using a potentiodynamic polarization test in 3.5 wt.% NaCl
solution as the corrosion medium. All samples were polar-
ized at 25 °C at a scanning rate of 1 mV/s and corrosion tests
were conducted on the stir zone surface as depicted in Fig. 3.

3 Results and discussion

In Fig. 4, a cross-sectional view of various welding samples
is presented. The temperatures recorded by thermocouples
at the weld lines of the W-TS, W-DC, and W-DC-O samples,
all subjected to the same FSW parameters, were 387 °C,
370 °C, and 401 °C, respectively. Additionally, based on
cross-sectional image analysis of the joints (averaged over
at least three sections for each sample), the stir zone dimen-
sions for these samples were 24.1 mm?, 25.4 mm?, and 27.3
mm?, respectively. The measurement of the stir zone dimen-
sions revealed that, as the stir zone temperature increases,
the area of the stir zone also increases. As stated by Mofar-
rehi et al. [40], higher temperatures lead to reduced mate-
rial flow stress, facilitating plastic deformation, and conse-
quently, the expansion of the stir zone. Since the process
parameters and tool geometry were the same for all three
samples, the temperature disparity can be attributed to the
inherent differences in the sheets, including their microstruc-
ture. This distinction results in varying thermomechanical
behaviors. Notably, the W-DC-O sample exhibits the highest

Retreating side Advancing side

Fig.4 The cross-section of different weld samples: a W-TS, b W-DC,
and ¢ W-DC-O

temperature in its weld, indicating a greater contribution
from heat generated due to friction and plastic deformation
in this specific sample. Since the flow stress of AASxxx
aluminum alloys in the annealed state is less than that in the
work-hardened state [41], it is anticipated that the heat gen-
erated by plastic deformation would increase during FSW
when the material is annealed. Also, the as-cast TS AA5182
sheet exhibited a higher temperature rise upon welding
than the as-rolled DC sample, attributed to its lower yield
strength (YS), i.e., 112.7 vs. 324.6 MPa, respectively. Con-
sequently, the elevated temperature observed in the annealed
DC sample (i.e., W-DC-O) is attributed to a lower flow stress
during the thermomechanical process involved in welding.
Figure 5 shows OM images of the microstructures of the
base metals, including the as-cast TS, as-rolled DC, and
annealed DC samples, as well as the stir zones of various
weld samples, namely W-TS, W-DC, and W-DC-O samples.
The base metals, TS, DC, and DC-O, exhibit grain sizes
of approximately 43.2+4.1, 26.5+3.8, and 36.4 +2.9 pm,
respectively. In contrast, the stir zone grain size in W-TS,
W-DC, and W-DC-O samples is approximately 16.9 +2.7,
10.8+2.9, and 20.4 + 3.1 pm, respectively. Notably, vari-
ations in the stir zone grain size do not appear to have a
straightforward correlation with the grain size of the base
metal. As suggested in the literature [42], temperature and
plastic strain have opposing impacts on the formation of the
recrystallized microstructure in the stir zone, i.e., a higher
temperature promotes grain growth and thus a larger grain
size, whereas a higher plastic strain and/or strain rate pro-
motes nucleation of grains and therefore a finer grain size
evolution. In accordance with Chang et al. [43], the follow-
ing equation describes the plastic strain rate during FSW:
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Fig.5 OM images of base met-
als and stir zones of different
weld samples: a as-cast TS sam-
ple, b as-rolled DC sample, ¢
annealed DC sample, d sample
W-TS stir zone, e sample W-DC
stir zone, and f sample W-DC-O
stir zone

= —~ 3

where, “@” is the rotational speed (rpm), and “D” and “w”
represent the depth (mm) and width (mm) of the stirred
zone, respectively.

When comparing the dimensions of the stir zones in the
W-TS, W-DC, and W-DC-O samples, it was evident that the
annealed sample experiences a greater plastic strain rate and
thus plastic strain by applying a constant welding traverse
speed. Therefore, the larger grain size in this sample sug-
gests that the effect of temperature on stir zone grain growth
has dominated that of plastic strain in promoting grain nucle-
ation. On the other hand, despite the lower plastic strain,
the W-DC sample exhibits a finer grain size in the stir zone,
indicating limited grain growth due to its lower process-
ing temperature. For the W-TS sample, its grain size falls
between the other two samples and so does its temperature,

@ Springer

thereby indicating the dominant role of temperature in its
grain size evolution. Thus, in all three samples, the stir zone
temperature appears to be the dominant factor controlling
the grain size evolution.

Figure 6 displays the XRD patterns obtained from all fab-
ricated samples. XRD patterns of the weld samples acquired
from the stir zone surface according to Fig. 3. Apart from the
prominent peaks associated with the aluminum matrix, no
other peaks are discernible in the samples. This observation
suggests that the volume fraction of secondary phase parti-
cles in the microstructure is low. The rapidly solidified TS
sample’s pattern exhibits a pronounced preferred orientation
compared to the DC and DC-O samples, i.e., the presence of
a strong (111) peak. However, following the FSW process,
the diffraction intensities of different crystallographic planes
show no significant variations across the samples. This phe-
nomenon, as per the findings of other researchers [44, 45], is
attributed to the influence of thermomechanical processing,
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Fig.6 The examined XRD pat-
terns for different samples
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the change of preferred texture in the base metal, and the
development of a random texture in the welded samples.
To assess and compare the samples, the texture parameter
(TP, was calculated using the method outlined by Dick-
son [46] based on the examined XRD patterns, as plotted in
Fig. 7. The TP,, was estimated as follows [47]:

T

I d
TPy = v 4)

n Iy
n 1 Ohkl

where the “I,,,,” is the intensity of a specific crystallo-
graphic plane. To calculate the corresponding TP,,, four
significant reflections of the a-Al including (111), (200),
(220), and (311) were employed. There are no notable dis-
tinctions in TPy, among all the welded samples. Given the
formation of random texture in the welded samples, there is
no prevailing crystallographic orientation that could impact
the mechanical properties and corrosion resistance of these
samples. Figure 8 presents SEM images of various samples.
As indicated by the results of the EDS analysis, the micro-
structure of the base metals consists of intergranular eutec-
tic f-Al;Mg, and intermetallic Al-(Mn,Fe) secondary phase
particles. In Fig. 8, these phases are denoted as #1 (i.e.,
B-phase) and #2 (i.e., Al-(Mn,Fe) phase) and are highlighted
by arrows. While the morphology of these particles exhibits
slight variations in the TS, DC, and DC-O base metals, the
chemical composition of these phases is somehow consist-
ent. It is worth noting that the SEM images were acquired
from the central region of the strip thickness, considering
that the TS sample possesses a thru-thickness gradient

| TS DC
@ DC-0 0O W-TS
@ W-DC @ W-DC-0

Fig.7 The calculated TPy, for different samples based on XRD pat-
terns given in Fig. 6

structure in which the particle and grain size increase by
moving away from the strip surfaces. More details on the
microstructure evolution in TS and DC alloys can be found
in the principal author’s recent studies [7-9]. As reported in
that research, the formation of shrinkage porosity in the cen-
tral regions of the TS strip occurs due to an insufficient flow
of melt to fill the gap between solidification fronts (from the
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Fig.8 SEM images showing the
microstructure of base metals
and stir zones in weld samples:
a as-cast TS sample, b as-rolled
DC sample, ¢ annealed DC
sample, d sample W-TS stir
zone, e sample W-DC stir zone,
and f sample W-DC-O stir zone

top and bottom belts) during the final stages of solidification.
This region is labeled as #3 and only appears in Fig. 8a.
Based on the EDS analysis, the increased Si content in the
Al-(Mn,Fe) intermetallic particles of the DC-O sample indi-
cates that this phase (i.e., Al-(Mn,Fe)-Si particles) becomes
enriched during annealing. This enrichment is either absent
or negligible in the as-cast TS and as-rolled DC base met-
als. Following welding, the stir zone of the W-TS, W-DC,
and W-DC-O samples contains Al-(Mn,Fe)-Si and Mg,Si
particles (i.e., labeled as #4 in Fig. 8), replacing the initial
Al-(Mn,Fe) particles and p-phase. This suggests that the
generation of heat and the applied plastic deformation dur-
ing the FSW process facilitate Si diffusion within the alu-
minum matrix, enabling the formation of Al-(Fe,Mn)-Si and
Mg,Si particles. Figure 9 shows typical EDS analysis results
for B-phase, Al-(Mn,Fe)-Si and Mg,Si phases in the weld
metals. However, there is no evidence of f-phase in the stir
zones of W-TS and W-DC samples. In contrast, the 3-phase
with polyhedral morphology appears in the microstructure

@ Springer

of the W-DC-O sample. In the W-DC-O sample, this phase
dissolves in the aluminum matrix due to the frictional heat
and severe plastic deformation caused by FSW. The dissolu-
tion of the Mg-rich B-phase elevates the solute concentra-
tion within the aluminum in the weld metal, contributing to
solid solution strengthening. However, the conditions for
the re-precipitation of the f-phase are provided only in the
W-DC-O sample due to the higher temperatures reached
during FSW. The increased peak temperature in the stir
zone enables atomistic diffusion, which is typically slow
or even impossible when the activation energy provided by
frictional heat is low. Due to the increased supersaturation
in the solid solution (caused by the dissolution), the system
thermodynamically aims to decrease its free energy by form-
ing small polyhedral f-phase particles, re-precipitating from
the aluminum solid solution. Due to the typically higher
cooling rates in small welds than in larger-scale processes
such as casting, it is kinetically more feasible to from fine,
solute-concentrated zones or precipitates within the matrix
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Fig.9 Typical SEM-EDS spectra and analysis results obtained for different phases in the stir zone of weld samples: a B-phase, b Al-(Mn,Fe)-Si,

and ¢ Mg,Si

(specifically in the stir zone) rather than promoting diffu-
sions over longer distances to encourage particle growth. A
similar phenomenon was also observed in a recent study by
the authors [7] where it was found that re-precipitation of
polyhedral intergranular p-phase particles occurred in the
stir zone of samples subjected to higher rotational speeds
(e.g., 800-1200 rpm) and slower traverse speeds (e.g.,
40 mm/min). This revealed that a higher heat input during
welding leads to increased re-precipitation of initially dis-
solved B-phase with a polyhedral morphology at the grain
boundaries of dynamically recrystallized equiaxed grains
in the stir zone. The formation of intergranular Mg-rich
B-phase has been reported to sensitize and enhance the cor-
rosion susceptibility of samples [48-50].

Figure 10 illustrates the microhardness profiles obtained
from various weld samples. While the hardness within the
stir zone remains relatively unaltered consistently across

different samples, the overall pattern of microhardness vari-
ation differs. In the W-DC-O sample, the stir zone’s hardness
has increased compared to the base metal. This phenom-
enon can be attributed to the formation of a fine, equiaxed
dynamically recrystallized microstructure, in contrast to the
coarse grains present in the base metal, resulting in increased
hardness as per the Hall-Patch relationship [51]. Conversely,
the hardness of the weld metal in the W-DC sample has
decreased with respect to the base metal. Even though the
stir zone in this sample exhibits a higher hardness than the
other samples due to its smaller grain size, the release of
a high amount of stored energy in the as-rolled state (i.e.,
strain release and reduction in dislocation density) resulting
from the influence of frictional heat during FSW led to a
lower hardness than in the base metal. This decrease in hard-
ness of the weld metal could not be fully compensated for by
the higher solute content (i.e., resulting from the dissolution
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Fig. 10 The examined micro-

hardness profile of different 130 T
weld samples
3
2 - -4-W-DC-0
c
] 3N @ .- @--W-TS
s @ 0..-...1 + .’.‘“' [
< 2 o e @
S : ® : —o—W-DC
(%} : .
E ; AT A, Al
§ m‘-« Yo Tab 'A"‘Ax‘x" il ‘% o
= h 9 .o‘o ol -‘;.“o‘o‘o
S A \
“MA‘ .XHXA*‘A
70 4
-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12

Distance from weld center line (mm)

of the p-phase), which contributes to the strengthening of
the aluminum matrix in the weld metal. The hardness of
the W-TS sample has increased in comparison to the base
metal. This increase is due to the formation of a finer, equi-
axed microstructure in the stir zone, as well as solid solution
strengthening resulting from a higher solute concentration
(i.e., mainly Mg content) due to the dissolution of the initial
p-phase. However, it is important to note that the hardness
value is lower than that of the as-rolled DC sample imply-
ing the prevailing effect of work hardening by higher dislo-
cation density over solid solution strengthening by solute
supersaturation. Considering the associated mechanisms in
hardness and comparing the distribution patterns illustrated
in Fig. 10 shows that the most substantial difference in hard-
ness between the base metal and weld metal was observed
in the as-cast TS sample, with values of 81 +2 and 98 +3
HVO.1, respectively. In contrast, the annealed DC sample
displayed the least significant difference in average hardness,
with values of 73 +2 and 85+2 HVO0.1, respectively.
Figure 11 displays the engineering stress—strain curves
obtained from tensile tests on various samples. To ensure
the reliability of the results, three tensile specimens were
tested for each condition, and the one that best represents the
average properties is shown for each sample type. The Porte-
vin—Le Chatelier (PLC) effect is evident in both base metal
and welded samples, indicative of dynamic strain aging
(DSA) resulting from the dynamic interaction of mobile
dislocations and solutes (primarily Mg in AA5182 alloy)
[7-9]. Although the base metals exhibit significantly differ-
ent mechanical characteristics, the welded samples show no
significant variations in terms of strength and ductility. This
can be attributed to the thermomechanical processes occur-
ring during the FSW, which lead to substantial refinement of

@ Springer

grains and second-phase particles. These processes largely
eliminate the distinctions in the initial microstructure of the
base metals employed. The minor differences observed in
the properties presented in Fig. 11 can be ascribed to vari-
ations in grain size and the types of particles formed in the
stir zone of these samples. Notably, the finer microstructure
developed in the stir zone of the W-DC sample has a tangible
impact by increasing both YS and UTS. Furthermore, the
larger grain size and, therefore, coarser intergranular parti-
cles in the stir zone of the W-DC-O sample contribute to a
higher elongation.

Figure 12 illustrates the fracture surfaces of various sam-
ples. All samples exhibit abundant dimples on their fracture
surfaces, indicating a ductile fracture nature. In addition to
the dimple formation, the fracture surface of the TS base
metal shows some intergranular separation, attributed to cen-
terline porosity (Fig. 12a). It is worth noting that, due to the
refinement and evolution of microstructure, there is no evi-
dence of intergranular separation after welding in the W-TS
sample (Fig. 12d). This indicates that the entire centerline
porosity region was healed through the flow of plasticized
metal during FSW. Another significant observation is that, in
the W-DC-O sample with higher elongation, the depth and
size of the dimples have increased (Fig. 12f).

Several mechanisms contribute to enhancing the strength
of the stir zone effectively. One key factor influencing the
strength of the welded samples is the reinforcement provided
by the grain boundaries. In line with the Hall-Patch equation
[52], strength increases with the reduction in grain size due
to the increase in grain boundary area. The smaller grain
size observed in sample W-DC suggests that this mecha-
nism has a more pronounced effect in this sample compared
to the others. Additionally, solid solution strengthening is
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Fig. 11 a Examined engineer-
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another mechanism at play, where the dissolution of alloy-
ing elements like Mg serves to strengthen the aluminum
matrix. The level of Mg dissolved in the aluminum matrix
(i.e., referred to as solute supersaturation) decreases with
the re-precipitation of the f-phase. Consequently, in the case
of the W-DC-O sample, where re-precipitation of Mg-rich
B-phase occurs, it is expected that this mechanism’s contri-
bution to strengthening will not be as significant as in the
other samples. Considering that the size of the second-phase
particles falls within the micron range, the Orowan strength-
ening mechanism is not likely to be effective in the stir zones
of these samples.

Figure 13 demonstrates the profile of residual stresses in
various samples. The pattern of changes in residual stresses
is consistent across the three welded samples: within the
stir zone and regions close to the weld line, the residual
stress exhibits a tensile nature, while it transitions to a com-
pressive nature further away from the weld line. However,
we note that the tensile stress within the weld centerline is
lower than that in the areas outside the stir zone. Residual
stresses develop in welds because of the uneven temperature
changes experienced during welding. When materials are
welded together, they are subjected to intense heat followed
by quick cooling. This rapid thermal cycle results in uneven
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Fig. 12 SEM images captured
from the tensile fractured
surface of base metals and

weld samples: a as-cast TS
base metal, b as-rolled DC

base metal, ¢ annealed DC base
metal, d sample W-TS stir zone,
e sample W-DC stir zone, and f
sample W-DC-O stir zone

Fig. 13 The longitudinal
residual stress (g,,) profile of
different weld samples
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expansion and contraction of the material, which creates  yield strength and hardness) also play a role in generating
residual stresses. Besides, other factors including metal- residual stresses in welds [53-55]. In addition, the formation
lurgical changes (such as phase transformations and grain  of residual stresses in the welded joints is the outcome of
growth), restricted thermal expansion, joint configuration,  the interplay between the microstructure and the thermo-
welding parameters, and material characteristics (such as  mechanical history during welding [56]. Both tensile and
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compressive residual stress components can indeed form
simultaneously in a weld. Tensile thermal stresses build up
as the weld center line, which experiences higher tempera-
tures, undergoes contraction upon cooling down. Conse-
quently, tensile residual stresses develop at the center line
towards the end of the cooling process. Furthermore, the
compressive plastic stress/strain generated in the stir zone,
by pushing the plasticized material backward, alleviates a
portion of the tensile residual stresses.

The balance between tensile and compressive residual
stresses depends on various factors such as welding param-
eters, joint geometry, material properties, and post-weld
cooling processes. Meanwhile, as the material undergoes
softening and plastic deformation within the stir zone dur-
ing FSW, along with the rise in temperature altering the
characteristics of the plasticized material, some of the ten-
sile residual stresses are relieved. This alteration impacts
the equilibrium between stress components, leading to a
decrease in the tensile residual stress depicted in Fig. 13.
Ultimately, in areas away from the welded region, the com-
pressive residual stresses dominate the tensile stresses from
the weld. Other studies [31, 57-59] have reported similar
residual stress patterns to those found in this study. The mag-
nitude of the tensile residual stress increases with the base
metal strength. Consequently, as the mechanical restraint in
the area surrounding the weld increases, the level of residual
stress also rises. Similar findings correlating an increase in
base metal strength and higher residual stress levels have
been previously documented [60-62]. The minimum and
maximum tensile residual stresses are 80.2 and 90.3 MPa
in samples W-DC-O and W-DC, respectively. Based on
the plotted profile, the concentration of residual stresses is
slightly higher on the advancing side of all weld samples
compared to the retreating side. According to the data pre-
sented in Fig. 13, the disparity in residual stresses between
the advancing and retreating sides of FSW can be attributed
to several factors. During FSW, the advancing side experi-
ences greater pressure from the rotating tool, resulting in
greater plastic flow compared to the retreating side. This
increased plastic flow leads to more substantial material
redistribution and consolidation on the advancing side,
consequently yielding higher residual stresses. Addition-
ally, variations in the geometry of the rotating tool, par-
ticularly its shoulder and pin, influence contact conditions
and material deformation at both sides, potentially resulting
in differing pressure levels and frictional heat generation,
hence impacting residual stress distribution. Moreover, tem-
perature gradients within the weld zone contribute to this
phenomenon, with the advancing side typically subjected
to higher temperatures and prolonged exposure to the heat
source. These elevated temperatures affect the mechanical
properties of the material and its response to plastic defor-
mation, thereby contributing to differences in residual stress

levels. Furthermore, differences in cooling rates between the
advancing and retreating sides play a role, with the retreat-
ing side cooling more rapidly due to reduced heat genera-
tion, leading to discrepancies in residual stress magnitude
and distribution. In summary, the interplay of plastic flow,
tool geometry, thermal effects, cooling rates, and welding
parameters collectively influences the observed variations
in residual stress distribution between the advancing and
retreating sides of FSW welds. This higher tensile residual
stress in welded samples is expected to lead to a decrease in
corrosion resistance.

Polarization tests were carried out on both the base metals
and the welded samples to assess their corrosion resistance.
Figure 14 illustrates the polarization curves, and Table 3
presents the data concerning corrosion current, potential,
and corrosion rate calculated from these tests. Additionally,
Fig. 15 exhibits the corrosion products formed on the tested
surfaces of the base and weld metals. It is important to high-
light that, as depicted in Fig. 3, the corrosion test specimens
were extracted from the weld samples within the stir zone,
and thus, the outcomes of the tests solely represent the cor-
rosion characteristics of the weld metals. The results indi-
cate that the welded samples W-TS and W-DC exhibit lower
corrosion currents and rates compared to their respective
base metals, with the most significant difference observed
in the case of the W-TS sample compared to the TS sample.
However, sample W-DC-O displays a higher corrosion rate
than its base metal. Notably, among the samples, W-TS dem-
onstrates the highest corrosion resistance, with a 41% lower
corrosion rate than the base metal (i.e., as-cast TS AA5182
alloy). Furthermore, it exhibits the least volume of corrosion
products when compared to the base metal (Fig. 15 a vs.
d). The corrosion resistance of aluminum alloys is signifi-
cantly affected by secondary-phase particles and by grain
size [48, 63]. The main driver for corrosion is the difference
in electro-potential between the supersaturated aluminum
matrix (i.e., the cathode in AA5182) and the f-phase par-
ticles (i.e., the anodes in AA5182). However, the driving
force for corrosion is reversed if we consider the aluminum
matrix and the Al-(Mn,Fe) particles (i.e., where the f-phase
is absent). Thus, the matrix is the anode, and the interme-
tallic particles would act as cathodic sites. In any case, the
size and number density of the cathodes drives corrosion. In
the case of sample W-TS, the enhanced corrosion resistance
of the weld metal can be primarily attributed to the break-
down of coarser Al-(Mn,Fe) intermetallic particles that act
as cathodes. The absence of the p-phase at grain boundaries
in the stir zone of sample W-TS is due to its dissolution
during FSW contributes positively to its corrosion resist-
ance. Although various results have been reported regard-
ing the effect of both the size and electro-potential of inter-
metallic particles on the corrosion resistance of aluminum
alloys [48, 64, 65], it should be noted that the separation of
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Table 3 The values of corrosion current, potential, and rate obtained
from polarization results

Sample label oo (HA.cM™2) E.... (VSCE) Corrosion
rate (mm/
year)

W-TS 0.34 -0.78 0.0385

W-DC 0.54 -0.79 0.0405

W-DC-O 0.73 -0.84 0.0573

TS 0.87 -0.85 0.0653

DC 0.67 -0.8 0.0432

DC-O 0.82 -0.83 0.0501

intermetallics and the formation of particles smaller than the
critical size required for galvanic corrosion tend to passivate
the aluminum alloy.

In addition, the formation of fine grains during the FSW
accelerates the development of a thick and uniform oxide
layer on the sample surface due to the application of severe
plastic deformation, which can further enhance the corrosion
resistance of sample W-TS after welding. Similar findings
have been reported regarding the effect of severe deforma-
tion on improving the corrosion resistance of aluminum
alloys [66—68]. Moreover, the corrosion resistance of sample
W-DC has improved in comparison to its base metal (i.e.,
as-rolled DC AA5182) through the reduction in the size of
second-phase particles and the dissolution of the p-Al;Mg,
phase after welding. However, the higher tensile residual
stress in the W-DC sample, as compared to sample W-TS,
has had a negative impact on its corrosion resistance and
has led to an increase in the volume of corrosion products
(Fig. 15 e vs. b). Tensile and compressive residual stresses
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exhibit distinct impacts on the corrosion behavior of welded
samples. Tensile residual stresses, which pull the material
apart, facilitate corrosion by creating preferential sites for
crack initiation and propagation. Corrosive agents can infil-
trate along these stress-induced cracks, accelerating corro-
sion. Moreover, by disrupting the protective oxide layer on
the material’s surface, tensile stresses induce micro-cracking
and delamination of the oxide layer, exposing the underlying
material to corrosive attack. Furthermore, by accelerating
the breakdown of the passive film, tensile stresses promote
localized corrosion, leading to increased corrosion rates.
In contrast, compressive residual stresses, which push the
material together, offer some beneficial effects on corro-
sion behavior by counteracting the impact of applied ten-
sile stresses. In regions with compressive residual stresses,
they mitigate the effect of tensile stresses, diminishing the
likelihood of crack initiation and propagation. Additionally,
compressive stresses uphold the integrity of the passive
film on the material’s surface, diminishing susceptibility to
localized corrosion [69, 70]. Overall, tensile residual stresses
typically exacerbate corrosion issues, whereas compressive
residual stresses offer some level of defense against corro-
sion-related problems. Nonetheless, the precise effects of
residual stresses on corrosion behavior depend on various
factors such as stress magnitude, distribution, and orien-
tation, along with environmental conditions and material
properties. Sample W-DC-O, on the other hand, exhibited
lower corrosion resistance compared to its base metal (i.e.,
annealed DC AA5182 alloy). This can be attributed to the
presence of the pB-phase, which, due to its anodic nature,
exacerbates the corrosion in Al-Mg alloys [71]. Taking into
account the residual stress profile and the outcomes of the
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Fig. 15 SEM images of cor-
roded surfaces of base metals
and welded samples: a as-cast
TS base metal, b as-rolled DC
base metal, ¢ annealed DC base
metal, d sample W-TS stir zone,
e sample W-DC stir zone, and f
sample W-DC-O stir zone

polarization test, it appears that evolution in the microstruc-
ture, such as grain size reduction and the formation, dis-
solution, and refinement of secondary-phase particles, has
a more significant influence on the corrosion characteristics
of AI-Mg alloys compared to the residual stress generated
FSW.

4 Conclusions

The FSW was performed on TS and DC AA5182 Al-Mg
alloy samples of similar composition having a cast, rolled,
and annealed microstructure. The effects of the initial micro-
structure on the microstructure evolution, mechanical prop-
erties, and corrosion resistance of the weld samples were
investigated. The following are the key findings:

e While FSW on the as-rolled DC AA5182 alloy produces
the smallest grain size (10.8 +2.9 pm), there is not a clear
correlation between changes in stir zone grain size and
the base metal grain size. That is, the grain size of the
base metal does not necessarily determine the grain size
of the stir zone after FSW. This finding implies that the
microstructure evolution during FSW is influenced by

various factors, such as temperature, plastic strain, and
deformation rate, which can lead to the formation of a
unique microstructure in the stir zone that is different
from the base metal.

The elevated temperature and plastic strain experienced
during FSW of the annealed DC AA5182 alloy sheet
led to the reprecipitation of the f-Al;Mg, phase in the
stir zone. B-phase was not observed in the stir zone of
as-cast TS and as-rolled DC samples. Being an interme-
tallic phase, the p-phase has the potential to influence
the mechanical characteristics and corrosion resistance
of the weld specimens. The emergence of the p-phase
within the stir zone of the annealed DC sample can be
attributed to the input parameters utilized during FSW,
which encourage the diffusion of Mg and subsequent
reprecipitation of the f-phase. Hence, it is imperative to
account for the impact of FSW on the microstructure and
attributes of the weld samples.

Despite the stir zone’s hardness (110 +3 HVO0.1) in the
as-rolled DC sample being higher than that of other
samples, it undergoes strain softening compared to
the base metal due to generated heat during FSW. The
strain softening phenomenon is attributed to the release
of stored energy in the form of dislocations and grain
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growth, which can occur due to the high temperature
and plastic deformation during FSW. Therefore, it is
crucial to optimize the FSW parameters based on the
initial microstructure of the base metal.

e The tensile residual stresses in the advancing side of
the annealed and as-rolled DC samples range from a
minimum of 8§0.2 MPa to a maximum of 90.3 MPa. In
contrast, the as-cast TS sample falls in between these
values in terms of its residual stress. The formation of
residual stresses in the welded joints is the outcome of
the interplay between the microstructure and the ther-
momechanical history during welding. The uneven
and non-uniform temperature distribution along the
weld line contributes to the quantity and distribution
of welding residual stresses.

e Although the base metals exhibit significantly differ-
ent mechanical characteristics, the welded samples
show no significant variations in terms of strength
and ductility. In comparison to the annealed and as-
rolled DC AA5182 samples, FSW applied to the as-
cast TS AA5182 sample results in the most favora-
ble combination of hardness (98 +3 HVO0.1), UTS
(310.9 +30.4 MPa), and corrosion rate (0.0385 mm/
year).

e The greatest corrosion resistance is observed in the weld
metal of the as-cast TS AA5182 alloy, which exhibits a
41% lower corrosion rate than the base metal. Consider-
ing residual stress profiles and polarization test results,
microstructure evolution, including grain size variation
and the formation/dissolution of secondary-phase parti-
cles, appears to play a more substantial role in determin-
ing the corrosion behavior of AlI-Mg alloys. Residual
stress generated during FSW was found to be less effec-
tive in corrosion resistance in all examined specimens.
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