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Abstract
Defect-free welding of thick sections of Mg alloys is a challenging task, often attempted via double-side friction stir welding 
(DS-FSW) which generally utilizes a pin length equivalent to ~ 50% or ~ 100% of plate-thickness. Nevertheless, tunneling 
defects often persist in the welded Mg alloys, arising the need to explore intermediate pin-lengths. Thus, in this study, a pin 
length equivalent to 75% plate-thickness was employed and compared with its 50% and 100% variants, to weld 11.5-mm-
thick Mg4Y3Gd alloy plates. The material flow, microstructural, mechanical, and electrochemical aspects were scrutinized 
with respect to the alteration in pin-length. The evolution of secondary phase particles (SPPs) was also analyzed in differ-
ent regions of the welded structure. Defect-free welds with ultra-fine grains having a joint efficiency of 97% were obtained 
using 75% pin length. The segregation of SPPs was observed at the grain boundaries. The microstructure of the fabricated 
weldments was correlated with the microhardness and tensile analysis. Fractographic examination was performed using 
SEM, which revealed a fracture type similar to quasi-cleavage. The electrochemical characteristics were assessed through 
potentiodynamic testing, which demonstrated a substantial enhancement in the anti-corrosion rate of the welded joint due 
to grain-refinement of the base alloy and dissolution of the yttrium- and gadolinium-rich SPPs.
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1 Introduction

Automotive and aerospace sectors are at the forefront for 
 CO2 emissions. According to reports, around 10.7 × 10

12 
kg of  CO2 gas released into the atmosphere annually dur-
ing 2007 to 2016, of which, around 87% was from the 
burning of fossil fuel alone [1]. One of the most immediate 
solutions to alleviate this concern is weight reduction in 

transportation vehicles without sacrificing the safety [2]. 
Magnesium and aluminum alloys are promising solutions 
for weight reduction and decreasing emissions in a manner 
which is cost-effective. In comparison to aluminum and 
steel, the density of magnesium is lower by 36% and 78%, 
respectively. This makes Mg the lightest structural metal 
and has attracted a lot of interest [3, 4]. Between 1995 and 
2007, magnesium production increased by 390% [5]; this 
upsurge shows the robust demand for magnesium. Its early 
applications mainly remained with the automobile sector 
and has accounted for more than 15% of vehicle weight 
in the last 10 years, which resulted in reduction in the 
fuel consumption of around 25% between 1990 and 2005 
[6, 7]. Reports indicate that reducing vehicle weight by 
10% decreases fuel consumption by 7% [5]. Use of mag-
nesium can revolutionize the evolving electric vehicles 
too. It can have remarkable impact in enhancing the per 
charge battery mileage, which is currently one of the main 
bottlenecks. Magnesium’s distinctive properties, such as 
anti-knock resistance, high strength-to-weight ratio, and 
electromagnetic shielding, make it a promising material 
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for defense and marine applications as well. Because of 
its neutron absorption capacity and resistance to carbon, 
it is also used in equipment development in nuclear power 
plants [8].

Potential applications of magnesium alloys in automobile 
sector include steering wheel frame, wheel rims, transmis-
sion case, and gear control housing [9, 10]. The applica-
tion of Mg in aviation industry includes thrust reverses, fan 
frames, and transmission casing [11]. Such applications 
require joints with high thickness, and fast-emerging appli-
cations call for very high thicknesses. To realize the afore-
mentioned potential applications, the attraction for welding 
thick magnesium plates is increasing.

To take account of the rapid expansion of application of 
magnesium alloys, the joining of thick magnesium plates 
via different welding techniques needs to be addressed 
[12]. Friction stir welding (FSW) has proven to be more 
efficient than the conventional welding processes [12–17] 
due to its advantages like low distortion, low residual 
stress, absence of solidification related defects, no solidi-
fication cracking, free from consumable usage, and low 
energy requirements. The techniques such as laser beam 
welding (LBW) are employed in joining up to 8–10-mm-
thick magnesium plates [18]. Intense heat used in LBW 
deteriorates the micro-structural morphology of Mg alloys. 
Hence, the welding of thick Mg sections via FSW proves 
to be a better proposition.

Notably, most of the published work on Mg-FSW reports 
joining of thin sections and has generally adopted single-
sided FSW. FSW of Mg alloys for thickness greater than 
10  mm is rarely reported. This is generally due to the 
challenges including requirement of a very large shoulder 
diameter of tool, steep thermal gradient along the thickness, 
and susceptibility to tool pin failure [13, 19]. Welding of 
thick plates involves designing tools with a long pin. Con-
sequently, the typical shoulder-diameter to pin-length ratio 
of 3, which is conventionally required in FSW, necessitates 
a very large diameter shoulder. Large shoulder diameter 
increases temperature excessively near the shoulder and is 
responsible for a very steep thermal gradient along the thick-
ness. In response, two alternatives include the double-sided 
FSW (DS-FSW) and FSW with a bobbin tool. The DS-FSW 
is done by welding with a smaller pin length than the weld 
thickness and then flipping the side of the plate after weld-
ing on one side is complete, whereas bobbin tool FSW is 
performed using a double shoulder tool [20]. Notably, in 
comparison to bobbin tool FSW, the DS-FSW incurs slightly 
extra time during flipping the plates; however, bobbin tool 
FSW can only weld open-ended joints and put huge chal-
lenge on the design and material of pin and in managing 
thickness variation in the plates [21]. Also, while similar 
apparatus as conventional FSW can be employed for DS-
FSW, the tool and control system design complexity increase 

in case of bobbin tool FSW [22]. The bobbin tool-pin also 
experiences multi-axial bending and tension upon entering, 
increasing its susceptibility to failure. Furthermore, treat-
ment of entry-defect is another challenge encountered upon 
bobbin tool FSW [22]. Understandably, the bobbin tool 
also encapsulates the weld zone, allowing limited access 
for inspection, which is not the case for DS-FSW. Thus, DS-
FSW was preferred over bobbin tool in the current study. 
Nevertheless, literature suggests that double-side welded 
plates are superior in strength than those welded by conven-
tional single sided FSW [23].

Notably, up to 250-mm-thick sections of lightweight 
metals are employed in the aerospace sector [24, 25]. For 
thick sections, the conventional criterion of 3:1 ratio for 
shoulder-diameter to plate-thickness is neither feasible 
nor practical. Very large tool shoulders are bound to enor-
mously increase the axial force, spindle torque, and trav-
erse force. Moreover, extremely large shoulder-affected-
stir-zones result in low weld integrity too. Importantly, 
the prime reason for increasing shoulder diameter with 
plate thickness is to supply additional heat to the high 
flow stress region at the bottom of plate. However, instead 
of increasing shoulder diameter and applying single side 
FSW, decreasing pin length and employing DS-FSW 
provide a better solution to the above problems. Never-
theless, the pin length variation for DS-FSW has only 
been explored for 4-mm-thick AA6061 alloy to date [20], 
resulting in promising outcomes.

This maiden work on 11.5-mm-thick Mg4Y3Gd magne-
sium alloys presents in-depth analyses on defect formation, 
microstructural, mechanical characterization, and corrosion 
behavior. Importantly, a strategy to vary pin-length by keep-
ing shoulder-diameter constant for DS-FSW of 11.5-mm-
thick Mg4Y3Gd plates has been analyzed with a view to 
suggest feasible pin length to shoulder diameter correlation 
for double sided welding of thick Mg-alloy plates.

2  Materials and methods

As-cast Mg4Y3Gd alloy plates having dimensions of 
200 mm × 110 mm × 11.5 mm were used as the base alloy. 
Table 1 depicts the as-received base alloy’s major alloy-
ing element composition and mechanical properties. The 

Table 1  Mechanical properties and composition of major alloying 
elements of Mg4Y3Gd

Mechanical 
properties

Tensile strength 
(MPa)

Elongation (%) Micro-hardness 
(HV)

163.5 30.56 60

Element (wt%) Mg Y Gd
Balance 4% 3%
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plates were welded in butt configuration, and the DS-FSW 
was performed. The plates were flipped upside down after 
performing FSW on one side, as shown in Fig. 1. Thus, the 
advancing side (AS) and the retreating side (RS) remained 
same in both the passes. A HSS tool with a tapered cylin-
drical cam tri-flute profile and a left-hand thread of 
approximately 1-mm pitch was used for experimentation, 
as depicted in Fig. 2. The shoulder diameter and tool tilt 
angle were maintained at 26 mm and 2°, respectively. A 
rotational and traverse speed of 710 rpm and 100 mm/
min respectively was used to carry out the FSW. Three 
experiments were carried out by varying the pin length, 
as depicted in Table 2.

The samples for microstructural examination and 
tensile testing were wire-cut along the transverse direc-
tion of weldments, by employing a computer interfaced 
wire-electric discharge machine (WEDM). The location 
of wire-cut tensile and corrosion specimens within the 
welded plates are shown in Fig. 3a, and the correspond-
ing dimensions are illustrated by Fig. 3b, c. Tensometer of 

20 kN capacity was used to conduct the tensile tests. Frac-
tured surface of tensile test specimens were scrutinized 
under scanning electron microscopy (SEM). The speci-
mens were prepared for microscopic examination using 
the standard metallographic technique. After grinding and 
polishing, the samples were etched with Picral solution for 
40 s. For the analysis of defects, grain size, and morphol-
ogy, light microscopy (LM) was utilized. The distribution 
and chemical composition of secondary phase particles 
(SPPs) was analyzed by employing a scanning electron 
microscope coupled with electron dispersive spectroscopy 
(SEM–EDS). Line intercept technique using ImageJ soft-
ware was used to measure the grain size. Micro-hardness 
distribution of the weldments was obtained using Vickers 
micro-hardness tester. Each indentation was taken at a dis-
tance of 0.5 mm at a load of 1 N for a dwell period of 15 s. 
The corrosion tests for base alloy and welded specimen 
were conducted using an open circuit potential (OCP) in 
a three-electrode cell (200 mL) having calomel and plati-
num as reference and counter electrode, respectively. The 

Fig. 1  Schematic representing FSW setup utilized for Exp. a, b No. 1, c, d No. 2, and e, f No. 3
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samples were exposed to an aqueous solution of 3.5 M 
NaCl.

3  Results and discussion

3.1  Defect formation analysis using optical 
macrographs

The transverse sections of welded macrostructures of Exp. 
Nos. 1–3 are shown in Fig. 4. Top and bottom sides in 
each macrograph depict the second and first FSW passes, 
respectively. Each of the welded specimens clearly indi-
cates Shoulder Affected Stir Zone (SASZ), Pin Affected 
Stir Zone (PASZ), and Thermo-Mechanically Affected 
Zone (TMAZ). The TMAZ is further categorized into 
A, B, and C to demarcate changes in morphology with 
decreasing induced strain in the order of C < B < A. The 
interface between SASZ and PASZ is termed as Transition 
Stir Zone (TSZ). Exp. Nos. 1 and 2 exhibit tunnel defects, 

while the Exp. No. 3 produced a defect-free weldment, as 
observable in Fig. 4.

In Exp. No. 1, which is welded by employing full length 
of the tool pin (i.e., 11.2 mm), tunnel defect is observed in 
the TSZ on the AS. During FSW of thick plates, material 
near the SASZ is significantly hotter than in the PASZ, 
causing a steep flow stress gradient between the two zones. 
During welding on one side, the material in the SZ experi-
ences significant strengthening and refinement as a result 
of severe plastic deformation (SPD) and dynamic recrys-
tallization (DRX). When reverse side welding pass is per-
formed, the base alloy near the shoulder is softened. How-
ever, the previously strengthened material increases the 
flow stress variation, which is manifested in the appearance 
of TSZ. Thus, the thermal synergy is difficult to maintain 
across the weld depth, resulting in a defect at the AS-TSZ.

The material ahead of tool is transported to 180° behind 
it, through the RS, to get consolidated on trailing side. Thus, 
the material in AS has to travel a larger distance, as com-
pared to the material in RS. Consequently, the material defi-
ciency generally occurs in the AS. In case of single-pass 
FSW, the material at the bottom of SZ is farthest from the 
major heat source, i.e., tool shoulder. The material at the 
shoulder interface is softer, consequently easy to move, and 
is transported by direct shoulder action. But, for the bot-
tom region, the material is difficult to move, has higher flow 
stress, and is transported by pin and the induced action. The 
material movement in the bottom region is therefore diffi-
cult and inefficient. Majority of researchers report the tunnel 
defect at the bottom in AS of the weldments [26–28].

Fig. 2  Schematic of tools used 
in a Exp. No. 1, b Exp. No. 2, 
and c Exp. No. 3

Table 2  Tool dimensions utilized in DS-FSW

Exp. No Length (mm) Tip diameter 
(mm)

Root dia (mm)

1 11.2 7.6 10
2 5.6 8.5 10
3 8.6 8.5 10
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The Exp. No. 2 was carried out using pin length equal 
to half the plate thickness (i.e., 5.6 mm). A tunnel defect is 
observed at the bottom in AS after the second pass (i.e., on 
the reverse side) of the weld, i.e., in SZ-2. Notably, before the 
reverse pass (on the reverse side), the material in the vicin-
ity of bottom of SZ-1 is strengthened due to pin stirring and 
induced stresses during first pass. This increases the flow 
stress at the bottom of SZ-2, leading to a material deficiency at 
this location. Further, in vertical direction, the left-hand thread 
supports extrusion of material upward from PASZ to SASZ, 
increasing the vulnerability of the region to tunneling defects.

The tool geometry was designed with a small shoulder 
diameter (i.e., shoulder diameter to plate thickness = 2.26) 
with a view to minimize thermal gradient. The steep thermal 
gradient also results in large gradient in the flow stress of the 
SZ material along thickness. The large flow stress gradient 
causes material flow difficult during first and reverse pass 
with full pin-length tool as in both passes, the pin encounters 
deficient material flow leading to tunnel defect. In case of 
50% pin-length, the material present mid thickness is poorly 
stirred which also results in defect.

In Exp. No. 3, the macrostructure clearly demarcates the 
double stirred zone (DSZ). The weld structure shows uni-
formity in material flow across DSZ. In comparison to Exp. 
No. 2, the location of the defect-prone area, i.e., bottom of 
SZ of the first pass, in this case is closer to the shoulder due 
to deeper basin of SASZ, which leads to uniform flow stress 
and improved consolidation. whereas, in comparison to Exp. 
No. 1, smaller pin length and pin affected region improve the 

flow stress consistency between SASZ and PASZ, obviating 
chances for forming of tunnel at the interface.

In general, the macrographs of Exp. Nos. 1–3 show 
more coarsening of grains on the AS compared to the RS. 
Additionally, the grains in TMAZ of Exp. Nos. 2 and 3 also 
depict more coarsening in comparison to the Exp. No. 1, 
indicating a decrease in induced strains in the TMAZ as the 
pin length decreases.

3.2  Analysis of grain morphology using light 
micrographs

The FSW tool primarily performs two functions: (a) supply-
ing frictional heat input and (b) transport and stirring of the 
softened material. These two functions are controlled by the 
process parameters and are the most influential factors in the 
evolution of microstructure and obtaining defect-free welds. 
The metallographic examination of each specimen showed 
grain refinement in all the zones, including Heat Affected 
Zone (HAZ). The grain refinement in each zone is depend-
ent on the plastic deformation, prevailing temperature, and 
the strain rate on both sides of the joint line. The effect and 
dominance of the aforementioned parameters decrease on 
moving away from the abutting faces.

The micrographs corresponding to the base alloy and 
tunnel defects of Exp. No. 1 and 2 are shown in Fig. 5. The 
Exp. Nos. 1 and 2 exhibit a tunneling defect on the AS of 
the weld, as was previously evident from the macrostructure. 
The morphology of the defects in Fig. 5b, c indicates layers 

Fig. 3  Schematic illustrations a 
showing the location of tensile 
and corrosion specimens within 
the welded plates, b tensile 
specimen dimensions, and c an 
area of 1  cm2 exposed during 
corrosion testing
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that could not adequately get transported causing inefficient 
material flow, and this was the core reason behind the defect 
formation. Essentially, these defects are sensitive to heat 
input which is controlled by the tool-pin geometry. In the 
case of thick plates, a gradual thermal gradient is difficult to 
maintain across the weld depth, thereby causing incoherency 
in flow stresses resulting in defects.

Further, a close examination of the SZ of defect-free 
weld, i.e., Exp. No.3, can highlight morphological change 
along the weld depth. Figure 6 captures the micrographs 
of SZ corresponding to Exp. No. 3 from top to bottom 
portions of weld, “top” being the SASZ of the second 
FSW pass. The corresponding grain size distribution 
plots are depicted in Fig. 7, which indicates extensive 
grain refinement and a tendency towards bimodal distri-
bution. According to the existing literature, the presence 
of rare earth (RE) elements in Mg alloys may reduce the 

intensity of DRX in some regions due to their inclination 
to accumulate at the grain boundaries, thereby augmenting 
the solute drag effect (SDE) [29]. This can promote grain 
bimodality. The extensive stirring during FSW can often 
create heterogeneously strained stir zone, which consists 
of domains having extremely fine grains due to higher 
shear strain than the relatively larger yet equiaxed grains 
due to less severe plastic deformation. Such heterogenous 
straining during the stick–slip material movement and 
shearing also promotes bimodality in the welded structure 
[30]. During FSW, Low-Angle Grain Boundaries (LAGBs) 
are formed because of continuous stirring at high tem-
perature. The High-Angle Grain Boundaries (HAGBs) 
are later formed upon absorbing sufficient dislocations, 
thereby refining the grains. However, LAGBs cannot be 
transformed into HAGBs in the case of inadequate heat 
input, which reduces the action of grain refinement [31].

Fig. 4  Macrographs for a Exp. No. 1, b Exp. No. 2, and c Exp. No. 3
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The TMAZs on AS and RS corresponding to Exp. No. 
3 are displayed in Fig. 8a and 8b, respectively. The observ-
able disparity in grain size may be ascribed to a wider 
region which undergoes induced strain on the RS as com-
pared to AS, relative to the center of the tool or the weld 
line. This is because, on the leading edge of the tool, the 
incoming material is picked up, gets rotated, and finally, 
gets deposited behind the tool, as shown in Fig. 8d. Per-
tinently, the “rotational” aspect of the material transport 
from the leading to trailing side occurs via the RS and not 
AS. This greater volume of sheared material leads to a 
broader expanse of RS-SZ/TMAZ interface region from the 
joint line or tool center. The analytical aspect of the mate-
rial flow model described in Fig. 8 has been discussed in 
detail previously [30]. Thus, even though the strain expe-
rienced by the material is greater in the AS, a wide SZ/
TMAZ interface manifests into smaller grain size at the RS 
of the tool as compared to AS (at an identical distance from 
the joint line). The average grain sizes for TMAZ-AS and 
TMAZ-RS were measured as 22 µm and 18 µm, respec-
tively. Figure 8c clearly demarcates the presence of smaller 
grains in the HAZ as compared to the BM. The grain size 
in HAZ has reduced by around 50% in comparison to base 
alloy. This reduction in grain size could be attributed to 
the recrystallization effect on the as-casted structure of the 
BM [32].

3.3  Analysis of chemistry of secondary phase 
particles using SEM–EDS

The scanning electron (SE) micrographs of Mg base alloy 
are illustrated by Fig. 9a, b. The base alloy has coarse grain 
structure with secondary phase particles (SPPs) mainly 
within the grains (refer to Fig. 9a). The SPPs are highlighted 
in Fig. 9a by white dashed circles. The micro-segregation of 
solute particles is also observed as shown in Fig. 9b, which 
is a common intricacy with casting route [33]. The elec-
tron dispersive spectroscopy (EDS) color map and map sum 

spectrum of Fig. 9b is shown in Fig. 9b1–b4, c, respectively. 
The color map reflects segregation of mainly Y/Zr particles.

The SE micrographs of SZ at different locations are 
illustrated in Fig.  10. A myriad of solute particles is 
observed in the micrographs. Figure 10b–e show the cap-
tured SE micrographs for SASZ-2, DSZ, and SASZ-1, 
respectively. The micrographs reveal widespread grain 
refinement in different regions of stir zone; however, very 
fine grains are observed in the DSZ having an average 
grain size of 2.52 µm. As observable from Fig. 10b, the 
segregation of solute particles is chiefly observed at the 
grain boundaries. The elemental makeup of these SPPs 
is verified through analysis of the EDS point spectrum 
(refer to Fig. 10a). The EDS spectrum reveals that yttrium 
is a significant component of the SPPs. The size of parti-
cles found on the grain boundaries is greater than the one 
found within the grain boundaries (refer to Fig. 10b–e). 
This behavior suggests the tendency of RE elements to 
accumulate at the grain boundaries.

According to existing literature, upon plasticization, 
the RE elements (Y/Gd/Zr) have a notable inclination 
to accumulate on the grain boundaries [29, 34]. The SZ 
is directly stirred by the tool pin, leading to substantial 
plastic deformation in this area. The presence of RE ele-
ments at the grain boundaries encourages solute drag or 
pinning effect, which suppresses dynamic recrystallization 
[35]. The suppression of DRX results in bimodal grain 
distribution which is evident from optical micrographs of 
SZ (Sect. 3.2). However, these secondary phase particles 
can also lead to decrease in the strength due to localized 
stress concentration near the grain boundaries, which can 
become initiation sites for cracks [36]. However, since 
TMAZ or HAZ are generally the weaker zone, the coarse 
particles at the grain boundaries in SZ are less likely to 
cause crack initiations upon monotonic or cyclic loading 
of the welded joints. Thus, while on one hand, the sec-
ondary particles restrain the DRX which allow a bimodal 
distribution [29] which leads to higher ductility, on the 

Fig. 5  Light micrographs for a base alloy, b Exp. No. 1, and c Exp. No. 2
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other hand, the excessive segregation of these particles 
deteriorates the mechanical integrity of the weld nugget. 
In addition, the vigorous stirring action and accumula-
tion of Y/Zr/Gd on the grain boundaries cause significant 
alterations to the strong basal texture of Mg. Moreover, 
the DS-FSW also results in randomization of the basal 
texture [37]. The SDE resulted may improve the ductility 
of the joint [34].

3.4  Analysis of microhardness

The micro-hardness distribution over entire transverse sec-
tion of the defect-free joint from Exp. No. 3 was obtained on 
a 0.5 mm × 1 mm grid, as illustrated in Fig. 11a. The colored 
contour map in Fig. 11b demonstrates the obtained results. 
The contour map was superimposed on the macroscopically 
distinguished zones (Fig. 4c). The highest micro-hardness 

Fig. 6  Light micrographs corresponding to Exp. No. 3 a SASZ-2, b interface SASZ-2/DSZ, c DSZ, d interface SASZ-1/DSZ, and e SASZ-1
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of 84.5 HV was measured in the DSZ, which decreased to 
a value of 50.8 HV in the HAZ on the AS. The average 
microhardness in the TMAZ on the RS was measured as 
70 HV and 65 HV in TMAZ-A and TMAZ-B, respectively, 
which corroborates with the higher induced strain and subse-
quent refinement in the TMAZ-A in comparison to TMAZ-
B. An average microhardness of 62 HV was measured in 

TMAZ on the AS. As explicated above via Fig. 8, the wider 
TMAZ due to material movement through RS, the average 
microhardness of TMAZ-RS was observed to be greater 
than TMAZ-AS. Further, the average value of microhard-
ness obtained in the SASZ-1 and SASZ-2 was 66.3 HV and 
64.1 HV, respectively. The material in SASZ-1 undergoes 
severe plastic deformation and subsequent DRX during the 

Fig. 7  Distribution of grain size for Exp. No. 3 a SASZ-2, b interface SASZ-2/DSZ, c DSZ, d interface SASZ-1/DSZ, and e SASZ-1
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first pass and experiences further induced strains during the 
second FSW pass. This results in minimally higher micro-
hardness of SASZ-1 as compared to SASZ-2.

The microhardness obtained in different characteristic 
zones reflects the Hall–Petch effect of grain size as well. 
The formation of very fine grains in the DSZ due to severe 
plastic deformation assisted by the DRX is attributed to high 
microhardness. The extent of grain refinement decreases 
from DSZ to outer edge due to the decrement in heat input 
and plastic deformation. It is interesting to observe a uni-
formly high micro-hardness in the AS-DSZ, also corrobo-
rated by its finer grain size in Fig. 10d. Inside the AS-DSZ, 
the microhardness further peaks in the central region, indi-
cating greater refinement as the distance of the weld-center 
from the tool shoulder during both the passes is optimized. 
Furthermore, it was reported that the shear and direct true 
strain undergone by the material is significantly greater in 

the AS-SZ as compared to RS-SZ [30]. Therefore, AS-DSZ 
exhibits higher hardness in comparison to RS-DSZ.

Figure 12a–c displays the variation in micro-hardness 
in the transverse direction at a location of 5 mm below 
the top surface of the second pass for Exp. Nos. 1–3. All 
the welds showed the highest microhardness in SZ and a 
similar decreasing trend from the weld center to the HAZ. 
These results are in line with the grain size observed in 
each zone. Further, each weldment showed fluctuation in 
microhardness values. From the observation of the optical 
micrographs, the heterogeneity in grain size is evident. 
This behavior may be attributed to the particle stimulated 
nucleation (PSN)/pinning effect (PE). The presence of 
solute particles on the grain boundaries prevents grain 
growth and enhances the process of DRX, which thereby 
may result in heterogeneous microstructure [38, 39]. In 
addition, the left-hand threaded cam tri-flute pin profile 

Fig. 8  a–c Light micrographs for Exp. No. 3 a TMAZ-AS, b TMAZ-RS, and c HAZ. d Depicting increase in induced strains
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upholds such heterogeneity in grain morphology and con-
sequent fluctuation in micro-hardness.

3.5  Tensile and fracture mechanism analysis

Figure 13 illustrates the engineering stress–strain graphs for 
the weldments of Exp. Nos. 1–3 and the base alloy. Table 3 
provides information about the tensile properties and frac-
ture location of all the specimens. The base alloy has an 
ultimate tensile strength (σUTS) of 163.5 MPa and a percent-
age elongation (δ %) of 30.56%.

A considerable amount of work on mechanical prop-
erties, including tensile strength, is published on mag-
nesium plates having a thickness less than 10 mm. For 
plate thickness of less than 7 mm, weld efficiencies of 
99% [40], 96.7% [16], and ~ 65% [41] are reported. For 
the 10-mm-thick AZ31 Mg alloy, similar efficiencies 
were reported for bobbin tool FSW and conventional 
FSW [42]. Hejazi et al. [20] carried DS-FSW on 4-mm-
thick AA6061-T913 aluminum alloy and obtained joint 
efficiency ranging from 23.3 up to 49.2%, which indi-
cates that DS-FSW does not necessarily allow high joint 
efficiencies, and suitable pin length designs are crucial. 
Mechanical properties of thicker sections of magnesium 

alloys are rarely reported. However, in one typical case 
of 20-mm-thick  Mg95.81Y1.93Nd1.59Gd0.4Zr0.25Fe0.02 
rolled and subsequently heat-treated plates, the joint 
efficiency has reached 82.6% via DS-FSW [13], hint-
ing the potential success of this technique, as corrobo-
rated here. Also, the bobbin tool FSW of 3-mm-thick 
AZ31B twin roll cast Mg alloy lately yielded ~ 68% 
joint efficiency at room temperature [43]. In the pre-
sent study, using the optimal pin length in Exp. No. 3, 
the joint efficiency of 97.2% was attained. A significant 
percentage elongation of 18.18% was also obtained in 
this case. A comparative summary of the obtained joint 
efficiency and UTS with several studies employing DS-
FSW, bobbin tool FSW, and conventional FSW is shown 
in Table 4.

In the literature, the tensile failure location of FS welded 
samples is generally reported at the TMAZ [45], HAZ [46], 
or at the AS SZ/TMAZ interface [41] of the weld. The 
failure may also occur in both the SZ and at the SZ/TMAZ 
interface [47], depending on double twinning or compres-
sion twinning caused due to non-uniform deformation rate 
or excessive stress. Moreover, Commin et al. [48] reported 
that the failure location of a joint can also be influenced by 
the process parameters, and it may occur in the RS of the 

Fig. 9  a, b SEM images of base alloy. b1–b4, c EDS color map and map sum spectrum corresponding to Fig. 8b, respectively
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joint. The tensile samples from Exp. Nos. 1 and 2 failed 
from the SZ of the AS and exhibited low tensile strength 
due to the presence of tunnel defects. In Exp. No. 3, the 
sample fractured at the junction of the TMAZ and HAZ. 
The SZ was strengthened due to grain refinement, whereas 
the HAZ was weakened. Furthermore, there is a morphol-
ogy discontinuity at the TMAZ/HAZ junction, making it a 
stress-concentrated region, which contributed to the failure 
of the sample.

The UTS and elongation values given in Table 3 are aver-
aged for three samples which had been subjected to uniaxial 
tensile tests (typically shown in Table 3). Notably, during 
FSW, the size and shape of the defect can vary along the 
weld length. This is primarily because of disparity in the 
thermal cycles experienced by the material at different posi-
tions from the location of the initial tool plunge. Hence, the 
defect morphology was also checked to be chiefly similar 

for the three tensile specimens tested for Exp. Nos. 1 and 
2, while all the specimen for Exp. No. 3 were found to be 
defect free.

Figure 14a shows the low-magnification FESEM frac-
tograph corresponding to the defect-free weld obtained in 
Exp. No. 3. The fractured surface is composed of cleav-
ages and dimples. As Mg has a hexagonal close-packed 
(HCP) structure, the resolved shear stress of non-basal 
planes is temperature-dependent. It is reported that the 
ductile to brittle transition (DBT) in the case of mag-
nesium alloys occurs between the room temperature and 
250 °C [34]. This temperature is achievable in FSW. Upon 
further magnification of Fig. 14a, the ductile (A), transi-
tion (B), and brittle (C) regions can be clearly delineated, 
as shown in Fig. 14b. The ductile region is character-
ized by shallow and elongated dimples. The brittle region 
depicts near to complete DBT, as indicated by the red oval 

Fig. 10  a EDS point spectrum results. b–e SEM corresponding to Exp. No. 3 b, c SASZ-2, d DSZ, and e SASZ-1
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Fig. 11  a Indentation grid 
across the transverse section of 
the welded sample for Exp. No. 
3. b Microhardness contour map 
corresponding to Exp. No. 3

Fig. 12  a–c Micro-hardness variation in transverse direction for Exp. Nos. 1–3
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shape in Fig. 14c. Further, Fig. 14d illustrates the inter-
granular crack (region F in Fig. 14d), which is a brittle 
failure characteristic produced by decohesion of grains 
in crystalline materials. Multiple intergranular failure 
paths can be observed, which creates a river pattern, as 
indicated by the yellow line in Fig. 14e. Therefore, the 
decrease in percentage elongation is in agreement with 
the fractographic analysis.

3.6  Electrochemical behavior

Since the application of Mg WE43 alloy in the aerospace 
industry is gaining momentum, the potential of its anti-cor-
rosion treatment is also enticing attention. The burgeoning of 
anti-corrosion treatments has increased the acceptability of 
magnesium in the aerospace and automobile industries. The 
anti-corrosion treatment methods include fabrication of high 
purity alloys [49], surface modification with laser annealing 

[50], coating of protective films [51], and microstructure 
refinement [52].

The light micrographs of the base metal and welded 
specimens corresponding to Exp. No. 3 before and after 
the corrosion tests are shown in Fig.  15. The BM has 
coarse grain structure with an average grain size of 240 µm, 
whereas the SZ of the sample from Exp. No. 3 has fine 
grains with an average grain size of 12 µm. The fine grains 
resulted from SPD and DRX. After the electrochemical cor-
rosion test, the microstructure of the BM indicates more 
severe corrosion as compared to welded joints, which can 
be observed by comparing Fig. 15c, d. This behavior is 
chiefly attributed to the larger grain size and a higher den-
sity of coarse intermetallic compounds (IMCs) which are 
present in the RE-Mg alloy BM. During the PDP test, IMCs 
act as cathodes and subsequently form a galvanic couple 
with the matrix. During FSW, IMCs either dissolve within 
the matrix phase at process heat or disintegrate into very 
fine particles as a result of SPD (refer to Fig. 10). Thus, a 
weak galvanic couple is formed, and consequently, the cor-
rosion rate is improved in the welded samples of Exp. No. 3.

Further, the potentiodynamic polarization plots for BM 
and welded specimen are illustrated by Fig. 15e. The cor-
rosion current density (Icorr) and reference voltage (Ecorr) 
were obtained using the intersection of cathodic and 
anodic Tafel plots by extrapolating the potentiodynamic 
polarization plots. The corrosion current density for the 
welded specimen is 7.14 times lower than the base metal. 
This indicates an improvement in the corrosion resistance 
of the welded sample. Moreover, a lower negative value of 
corrosion potential expresses higher corrosion resistance. 
The obtained corrosion rates in mils penetration per year 
(mpy) for the welded specimen and the BM are 19.83 and 
141.52 mpy, respectively. In the Tafel plots, the anodic 
curve of the BM has a slightly steeper slope compared 
to the welded sample. A steeper anodic slope indicates a 
faster anodic reaction rate, implying higher production of 
anions or a faster dissolution of metal. The results from 
PDP tests also show improvement in corrosion rate after 

Fig. 13  Engineering stress–strain plots for welds obtained in Exp. 
Nos. 1–3 and base alloy

Table 3  Tensile properties 
corresponding to welds obtained 
through Exp. Nos. 1–3

Exp. No.
UTS

(MPa)
% 

Elongation
Fracture 
Location Image

1 104.3 20.23 SZ-AS

2 101.7 36.15 SZ-AS

3 158.9 18.18 TMAZ/HAZ 

-RS
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FSW, thus provide evidence and agree with the optical 
micrograph images.

The formation of passivation zone is not observed in 
Fig. 15e. The formation of MgO as a protective layer is 
observed when the Mg is exposed to air. However, this poor 
protective surface film is highly soluble in most aqueous 
environments. Moreover, the protective layer formed in Mg 
incompletely covers the underlying bulk metal or can be 
easily penetrated [53]. When Mg is exposed to an aqueous 
solution of NaCl, the MgO (solid) layer reacts with  H2O 
(liquid) to form Mg(OH)2 (solid) layer. MgO and Mg(OH)2 
films are formed as bottom and cap layers, respectively 

[54]. However, both these layers are soluble in acidic and 
neutral aqueous solutions. Therefore, the quasi-passive lay-
ers formed dissolve, thereby exposing the metal to further 
corrosion. This process hinders the formation of a strong 
passivation film in Mg-based alloys.

The literature suggests that the smaller grains in the 
WE43 series enhance the chances of the formation of a pro-
tective layer over the surface [55]. Higher grain refinement 
leads to more grain boundaries, which in turn decreases the 
formation of the galvanic couple between the grain boundary 
and the core [56, 57]. Large grains are more prone to corro-
sion, resulting in faster degradation.

Table 4  Comparative summary of obtained mechanical properties and corresponding plate thickness for FSW of Mg alloys

Ref Mg alloy Thickness (mm) Technique Joint efficiency (%) UTS (MPa)

Current study Mg4Y3Gd (as-cast) 11.50 DS-FSW 97.2 158.9
[13] Mg95.81Y1.93Nd1.59Gd0.4Zr0.25Fe0.02 

(rolled and subsequently heat-treated)
20.00 DS-FSW 82.6 277.6

[36] AZ31B with 0.5 wt% Ce 5.00 FSW 99 270
[37] AZ31B (rolled) 6 00 FSW 88.1 208
[38] AZ31B-H24 4.95 FSW  ~ 65 201
[43] AZ31B (twin roll cast) 3.00 Bobbin tool FSW  ~ 68  ~ 198
[42] AZ31 10.00 Bobbin tool FSW 84 214.8

FSW 85 219.2
[44] AZ31 to AM60 (dissimilar welding) 5.00 DS-FSW 88.4 247

Fig. 14  FESEM fractographs corresponding to Exp. No. 3. a Low-magnification image. b High-magnification image depicting A-ductile, 
B-transition, and C-brittle regions. c Transition region B depicting DBT. d, e Intergranular crack with river pattern in transition region B
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4  Conclusions

In this experimental study, DS-FSW of 11.5-mm-thick 
Mg3Y4Gd alloy was successfully performed with a pin 
length of 8.6 mm ( 3

4
× platethickness ), attaining a high 

joint efficiency of 97%. The variation in pin length tre-
mendously affects the mechanistic dynamics and mate-
rial movement. A relatively smaller pin length of 5.6 mm 
( 1
2
× platethickness ) suffers from defect-prone areas 

in the SZ bottom, whereas a pin length of 11.2  mm 

Fig. 15  a Optical microscopy 
image of BM before corrosion. 
b Optical microscopy image of 
welded specimen corresponding 
to Exp. No. 3 before corrosion. 
c Optical microscopy image of 
BM after corrosion. d Optical 
microscopy image of welded 
specimen corresponding to 
Exp. No. 3 after corrosion. e 
Potentiodynamic curves of BM 
and welded specimen
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( ≈ platethickness ) exhibits significant flow stress incoher-
ency along with the weld depth.

The double stirred region welded with a pin length of 
8.6 mm shows a significant disparity in grain size along with 
the weld depth. Further, a tendency towards bimodal grain 
size distribution was also observed. The bimodality is also 
caused due to the accumulation of rare earth elements at 
the grain boundaries, promoting pinning/solute drag effect, 
consequently suppressing dynamic recrystallisation. This 
region exhibits a maximum microhardness of 84.5 HV. The 
fractographs corresponding to this weld indicated a ductile 
to brittle transition during FSW. In the transition region, 
intergranular cracks were observed in a river-like pattern. 
The extensive grain refinement in the SZ due to severe plas-
tic deformation leads to improvement in the electrochemical 
behavior of the welded specimen. A large number of grain 
boundaries decrease the formation of galvanic couples and 
enhance the formation of protective layer on the surface, 
thereby increasing the corrosion resistance.
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