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ABSTRACT

Thin AZ31 magnesium alloy sheets, i.e., 2 mm thick, are welded by Friction Stir Welding
(FSW) in butt joint configuration using gap width up to 1.15 mm. All welds present good
surface finishing and no internal defects, except for the weld produced using the
maximum gap width. A reduction of the weld thickness within the Stir Zone is seen with
the increase in gap width, leading to a maximum thickness reduction of 8.5%. Micro-
structure and Vickers hardness investigations reveal no influence of the gap width on these
properties. Up to a gap width of 0.51 mm, a slight decrease in the Ultimate Tensile Strength
(UTS) is observed with increasing gap width. For larger gap widths, the UTS, as well as the
fracture strain, are constant. To keep the metallurgical integrity, a maximum gap width of
1 mm seems acceptable for joints of thin AZ31 magnesium alloy sheets produced by FSW.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The high strength-to-weight ratio of magnesium alloys has
made them promising candidates for structural applications

* Corresponding author.

in the automotive and aerospace industries [1,2]. The most
commonly used magnesium alloy AZ31 contains aluminum
and zinc as alloying elements [3]. The presence of aluminum
enhances the hardness, corrosion resistance, and tensile
strength through the formation of the intermetallic Mg;,Al;,
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phase. The zinc favors the formation of fine grains during
solidification and increases tensile strength, which has led to
high interest in AZ31 as structural alloys, especially for auto-
motive applications [4].

For the application of AZ31, different welding processes
have been investigated, such as Tungsten Inert Gas [5],
Resistance Spot Welding [6—8], and Laser Beam Welding
[9—11]. However, joining magnesium alloys via fusion welding
techniques is a difficult task due to the poor weldability of the
alloy, caused by porosity formation and hot cracking in the
weld zones [12,13]. To avoid such defects, the application of
these processes requires the complete elimination of the
workpieces’ surface oxide layer and high purity shielding
gases because of the high reactivity of magnesium at high
temperatures [12]. As a consequence, solid-state welding
processes, such as Friction Stir Welding (FSW) [1,12,14—18]
and refill Friction Stir Spot Welding (refill FSSW) [19—-21], are a
very suitable alternative to join AZ31 or to process lightweight
alloys, such as the titanium-based alloys processed by Friction
Stir Processing (FSP) for implants [22,23], due to the lower
process temperature, i.e., below the melting point of the ma-
terials, which avoids the previously mentioned problems
related to solidification [24].

FSW was developed in 1991 at The Welding Institute (TWI)
and consists of the insertion and traverse movement of a
rotating non-consumable tool, composed of a pin and a
shoulder, along with the contact interface of the workpieces.
The main probe functions are to heat, plasticize and mix the
material by friction, and the main shoulder functions are to
generate additional heating by friction and to avoid the
extrusion of the plasticized material out of the weld zone.
Thus, the friction between the tool and the material to be
welded generates the necessary heat to plasticize the mate-
rials, and the combination of tool traverse and rotating
movement leads to the movement of materials, resulting in a
joint produced in solid-state [25—27].

Considering the mechanical of this process, two different
sides can be determined. The Advancing Side (AS) is the side
where welding and rotational speed are in agreement, and the
Retreating Side (RS) is the side where these two parameters
are in opposite directions. The temperature distribution and
material flow pattern during the welding affect the micro-
structural and mechanical properties of the joints produced
by FSW, which are influenced by the tool geometry, joint
design, and process parameters, such as probe insertion
depth, tool rotational speed, welding speed, axial force, and
tilt angle [25—27]. The thermal field and strain rate are also
influenced by the material properties, such as thermal con-
ductivity [27,28].

Gulati et al. [14] analyzed the influence of the probe ge-
ometry on the formation of defect-free welds in FSW of AZ31
and showed that voids and tunnel defects are reduced when
decreasing the welding speed and using a truncated tool
profile in comparison with a cylindrical tool profile. Various
authors examined the influence of the welding and rotational
speed on microstructure and texture distribution since a
preferential crystallographic orientation can be generated in
the Stir Zone (SZ) and Thermo-Mechanically Affected Zone
(TMAZ), which strongly affect the mechanical properties of
the welds [1,12,13,15-18]. The development of a very strong

{0001} <uvtw> B-fiber basal texture in the SZ was observed by
Mironov et al. [15] investigating the effect of welding tem-
perature through the variation of the welding speed on the
grain structure evolution during FSW of AZ31. As discussed by
Suhuddin et al. [13], the basal planes of AZ31 tend to align
parallel with the surface column of the probe in FSW due to
the shear deformation induced by the rotating probe, which
results in the (0002) plane perpendicular to the welding di-
rection in the SZ center. Chowdhury et al. [1] investigated the
orientation of the basal planes in the SZ. This orientation is
significantly reduced at low welding speed and high rotational
speed, which leads to a high temperature in the SZ, and
consequently to complete dynamic recrystallization and no
preferred grain orientations. Moreover, Xin et al. [16] showed
that differences in the texture between SZ and TMAZ may
resultin fracture at the interface SZ/TMAZ during tensile tests
of AZ31 FSW welds, which confirmed results of earlier studies
by Commin et al. [17] and Pareek et al. [12]. Commin et al. [17]
and Xuhong et al. [18] also demonstrated an increase in the
microhardness in the SZ due to grain refinement as a result of
low SZ temperature with the rotational speed decrease and
welding speed increase.

However, none of these studies addresses the possible ef-
fects of disturbances, such as gaps between the abutting edges
of the workpieces, which may occur by improper
manufacturing or clamping of the material to be welded. To
avoid rejection and rework of the workpieces, which would
consume time and generate additional costs, it is important to
gain knowledge of the gap tolerance to produce welds without
joint strength degradation [29—31]. In this regard, Ma et al. [29]
showed that the heat generation and material flow in FSW of
6.2 mm thick 2A14-T6 aluminum alloy joints are affected by
the gap width. A significant decrease in joint efficiency ap-
pears when the gap exceeds 1.6 mm, so roughly 25% of the
plate thickness. Similarly, the influence of the gap width on
macrostructure and mechanical properties of AA5083 welds
produced by FSW was analyzed by Tsarkov et al. [30] and Cole
et al. [31], which obtained a maximum gap of 20% of sheets
thickness as the threshold before a significant decrease in
tensile strength was present. Nevertheless, the effect of the
gap width on AZ31 welds has not been reported so far.

In this regard, the main objective of the present study is the
analysis of the effect of the gap width on the microstructural
and mechanical properties of AZ31 magnesium alloy joints
produced by FSW and the evaluation of possible gap toler-
ances to produce welds without joint strength degradation.
The microstructural characteristics were evaluated to verify
the presence of defects and identify the weld zones. The
Vickers hardness and tensile tests were done in order to
evaluate the global mechanical performance of the joint and
correlate them with the different offsets.

2. Materials and methods
2.1. Friction Stir Welding procedure
Rolled AZ31 magnesium alloy sheets (140 mm wide, 475 mm

long, and 2 mm thick), with a nominal chemical composition
(wt.%) of 2.5-3.5% Al, 0.20—1.0% Mn, 0.6-1.4% Zn and the
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balance Mg (ASTM B90/B90M—15), represent the base material
used in this study. The workpieces were brushed and cleaned
with acetone before welding to remove oxides and grease. The
tool is composed of a triflate and threaded conical probe with
a diameter of 5 mm and a length of 1.8 mm, and a flat scrolled
shoulder with a diameter of 13 mm.

The welding procedure was carried out perpendicular to
the rolling direction using a high stiffness FSW Gantry System
machine. The samples were welded in butt joint configuration
with different gap widths between the sheets, as shown in
Fig. 1. The welding process was performed position controlled,
where the tool rotational speed of 2000 rpm, welding speed of
2 m/min, and tilt angle of 0.5° were kept constant. The tar-
geted gap width was varied from 0.00 mm up to 0.90 mm, as
summarized in Table 1. The gap width was set up using rigid
spacers with specific thickness positioned between the abut-
ting edges of the workpieces along the entire sheets length.
After fixture of the sheets, the spacers were removed before
welding, where only spacers were kept near the in- and outlet
zones. The real gap width during the welding process was
measured by the Micro-Epsilon scanCONTROL® 2960-10 laser,
located in front of the probe, see Fig. 1(c). In general, the
measured gap width was almost constant along the welding
direction. The welds with set gaps of 0.1, 0.3, and 0.5 mm
presented a slight increase in the measured gap width near
the end of the weld. The average measured real gap width,
summarized in Table 1, was always higher than the initially
set gap width. The reason is associated with the process forces
that act on the workpieces pushing them apart and resulting
in an almost constant real gap width during the welding
process.

2.2. Joint characterization

The welds were sectioned perpendicularly to the welding di-
rection for the microstructural and mechanical characteriza-
tion. For the microstructural analyses, the welded samples
were mechanical grounded, polished, and chemical etched
using a solution of 2—3 g of picric acid, 6.5-7.0 mL of acetic
acid, 30—40 mL of distilled water, and 140 mL ethanol, with 4 s
of immersion. The micrographs were examined via a Leica SM

Tool Rotation

Table 1 — Initially set (via spacers) and measured (via

laser) gap width for each welding trial. The weld name
indicates the measured gap width.

Weld Set Gap (Spacers) (mm) Real Gap
(mm)

GCo0 0.00 0.00

Gc21 0.05 0.21 +0.09
GC30 0.10 0.30 + 0.05
GC51 0.30 0.51 +0.08
GC83 0.50 0.83 +0.03
GC98 0.70 0.98 + 0.06
GC115 0.90 1.15 + 0.05

IRM® optical microscope equipped with polarized light, and
the grain sizes were determined using the ASTM E112-13
standard throughout the intercept method.

Vickers hardness measurements were conducted hori-
zontally along the cross-section of the welds in the thickness
centerline using a Struers DuraScan® hardness machine. A
load of 100 g for 10 s was used with 0.25 mm distance between
each measurement position.

Tensile tests in a screw-driven Zwick/Roell® testing ma-
chine with a load capacity of 100 kN were performed at room
temperature and at a crosshead speed of 1 mm/min to eval-
uate the static mechanical properties. Three tensile speci-
mens were prepared and tested according to DIN 50125 with a
gauge length of 50 mm for the base material and each welding
condition.

3. Results

Photographs and optical macrographs of welds obtained with
different gap widths are shown in Figs. 2 and 3, respectively. In
Fig. 2 weld surfaces of GC21 and GC115 can be seen, and in
Fig. 3 the macrostructure of some welds cross-sections is
shown. Except for the weld with a gap width of 1.15 mm, all
further welds present good surface finishing, as exemplarily
shown in Fig. 2(a) for a gap width of 0.21 mm. For a gap width
of 1.15 mm, lack-of-fill defect on the weld surface is identified,
Fig. 2(b). Besides that, no defects such as voids and cracks are

Welding Cross-Section

(b) ﬁ

k-
Gap (mm)

Shoulder: ¢ 13 mm

Fig. 1 — Schematic illustration of the (a) welding configuration, (b) welding cross-section, and (c) laser positioning, with the

blue surface indicating the laser.
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Fig. 2 — Photographs of the welds produced with a real gap
width of (a) 0.21 mm and (b) 1.15 mm.

observed in all macrostructures of the weld cross-sections,
see four examples in Fig. 3.

Considering the possibility of thickness decreasing within
the SZ due to the welding process, the weld thickness of all
samples was obtained, and these thickness variations are
shown in Fig. 4. An increase in the gap width results in a
decrease in the thickness of the weld within the SZ. As it
should be, FSW with 0.0 mm gap width leads to a joint
thickness of 2 mm, representing the material thickness of the
sheet material, where the thickness decreases by 8.5% to
1.83 mm for a 1.15 mm gap, see Fig. 4.

In terms of microstructure, the different regions of the FSW
can be divided as usual into SZ, TMAZ, Heat Affected Zone
(HAZ), and Base Material (BM), see Fig. 5(a). The AZ31 BM,
Fig. 5(b), is characterized by equiaxed grains of different sizes,
containing lenticular-shaped twins, resulting from the defor-
mation imposed by the rolling process. A similar grain struc-
ture is observed in the HAZ, Fig. 5(c), but with an increased
number of annealing twins. In the TMAZ, dynamic recrystal-
lization occurred, i.e. finer and equiaxed grains are observed,
Fig. 5(d). The SZ, Fig. 5(e), presents mainly equiaxed and
recrystallized grains, which are homogeneously distributed.

2.2

SRR, s

1.8

Stir Zone Thickness (mm)

1.7 4

- —
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Real Gap Width (mm)

Fig. 4 — Measured thickness in the Stir Zone (SZ) after
welding in relation to the measured (real) gap width.

Independently of the gap width variation, the microstruc-
ture of the SZ exhibited approximately the same grain size in
the welds, between 9.1 ym and 10.5 um, as can be observed in
Fig. 6 and Table 2. Compared to the BM grain size of 20 + 3 pm,
the SZ presented a finer microstructure due to the dynamic
recrystallization induced by the FSW process.

The dissymmetrical material flow in FSW results in two
different transition regions from HAZ to SZ. Figure 7 shows
the differences between the AS and RS. The transition from
HAZ to SZ on the RS, Fig. 7(a), is wider and less sharp than on
the AS, and the microstructure presents fewer lenticular-
shaped twins in the HAZ and a higher concentration of
dynamically recrystallized grains in the TMAZ.

The influence of the microstructure of the different regions
of the welds in the hardness profile is shown in Fig. 8. Similar
hardness profiles and average SZ hardness (Table 2) were
observed for the welds, which is a result of the similar mi-
crostructures in the welds produced with different real gap

Fig. 3 — Macrostructure of the welds produced with a real gap width of (a) 0.00 mm, (b) 0.30 mm, (c) 0.83 mm, and (d)

1.15 mm.
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Retreating . Side

Fig. 5 — (a) Micrograph of a weld produced with a real gap width of 0.30 mm: (b) Base Material (BM), (c) Heat Affected Zone
(HAZ), (d) Thermo-Mechanically Affected Zone (TMAZ), and (e) Stir Zone (SZ).

widths. The SZ presents similar values of hardness to the BM
of around 57 HVy,, as well as the HAZ. The maximum hard-
ness of approximately 70 HVy, is obtained in the TMAZ at the
RS.

The influence of the gap width on the mechanical proper-
ties of the welds is summarized in Fig. 9(a). The Ultimate
Tensile Strength (UTS) of the welds is calculated using the
individual SZ thickness for each sample, see Fig. 4. A slight
decrease in the UTS is observed with the increase of the gap
width up to 0.51 mm. For larger gap width, the UTS, as well as
the fracture strain, are almost constant. Moreover, the tensile
test resulted in similar fracture for all welds, which occurred
in the weld region as shown in Fig. 9(b).

4, Discussion

During the FSW with a gap, the plasticized material flows to
the space created by the gap, which reduces the volume of
material being deformed by the probe. Consequently, this
leads to a lack of material to fill the top of the weld surface,
resulting in a lack-of-fill defect when a high gap width is used,
as in the case of the weld produced with a gap width of
1.15 mm, Fig. 2(b). Besides that, a decrease in thickness of the
weld within the SZ is observed with the increase of the gap
width, see Fig. 4. This occurred because the volume of material

being deformed and transported by the tool decreases with
increasing gap width. Since plasticized material fills the cavity
left by the probe from the bottom to the top of the weld, the
lack of material occurs only at the top of the weld, resultingin
the thickness reduction in the SZ. Despite the reduction of
material being transported by the tool, the plasticized mate-
rial was enough to fill the cavity left by the probe without the
formation of internal defects, as shown in Fig. 3. No lack-of-fill
defect is observed for gap widths below 1.15 mm, although
these gap widths led even to the thickness reduction of up to
6%, see Fig. 4. Overall, the metallographic analyses indicate
that a gap size of up to 1 mm, representing 50% of the sheet
thickness, still leads to a stable process without surface de-
fects in the current study.

In terms of microstructure, in AZ31 the twinning modes
are also important for the plastic deformation of magnesium
alloys, being most common the observation of {1012} twins,
normally nucleated at grain boundaries and preexisting twin
boundaries, and propagated to the other side of the grain [32].
As a result, equiaxed grains of different sizes containing
lenticular-shaped twins are observed in the BM and HAZ,
Fig. 5(b) and Fig. 5(c), due to the deformation imposed by the
previous rolling process.

The twins present in the BM and HAZ disappear in the
TMAZ due to the transformation of the low angle twin
boundaries into high angle boundaries during dynamic
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Fig. 6 — Heat Affected Zone (HAZ), Thermo-Mechanically Affected Zone (TMAZ) and Stir Zone (SZ) of weld produced with a
real gap width of (a—c) 0.21 mm (d—f) 0.51 mm (g—i) 0.83 mm, and (j—1) 1.15 mm. The same welding speed and rotational

speed were used for these samples.

recrystallization, as reported by Polmear et al. [32], resulting in
finer and equiaxed grains in the TMAZ, Fig. 5(d). The SZ,
Fig. 5(e) and Fig. 6, presents a fine microstructure with equi-
axed and recrystallized grains resultant from the plastic
deformation and frictional heating during FSW, as discussed
by Singh et al. [27]. Similar grain sizes in the SZ between
9.1 pm and 10.5 pm were obtained for AZ31 processed by FSW
reported in the literature [33].

The mentioned microstructural differences result from the
different levels of severe plastic deformation and frictional

Table 2 — SZ grain size and average hardness of the
welded samples.

Weld SZ grain size (um) SZ Vickers Hardness (HV)
GC00 10.1+0.3 583+ 1.3

GC21 9.1+0.8 57.2+1.8

GC30 103 +1.2 56.3+14

GC51 9.7+15 56.9 + 2.1

GC83 105+ 1.3 58 +2

GC98 9.1+12 58.1+1.8

GC115 9.8 +1.3 58.0 + 1.6

heat introduced by the rotating probe and shoulder in each
weld zone. The deformation mechanisms and microstructure
evolution are typically affected by the temperature (initial)
grain orientation (texture) and size, solute atoms, and second-
phase particles [32], which in turn determine the mechanical
properties of the joints. For example, the SZ temperature can
be estimated by Equation (1), where Ty, is the alloy melting
point, o and K are constants, w is the rotational speed and v is
the welding speed [17]. Therefore, since the welding parame-
ters (w and v), tool size, and geometry are the same for all
joints, the gap width did not significantly affect the plastic
deformation and frictional heating during the FSW process,
and for all welding samples similar microstructures are pre-
sent, as shown in Fig. 6. At this way, in terms of gap width, no
reportable effect on the different microstructural zones, as
well as in SZ grain size, Table 2, can be determined.

T w?

ﬂ_K (U X 104)0‘ (1)

In Fig. 7, the transition region from HAZ to SZ presents
characteristic differences between the AS and RS caused by
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Fig. 7 — Transition from Stir Zone (SZ) to Heat Affected Zone (HAZ) on the (a) Retreating (RS) and (b) Advancing Side (AS) of the

weld for a sample with a real gap width of 0.30 mm.

the dissymmetrical material flow. At the RS, the welding di-
rection is opposite to the tangent tool rotation, which results
in two opposing forces acting on the plasticized material, that
is the forward force produced by the traverse tool movement
and the backward force produced by the rotational tool that
transfers the material to the back of the tool on the RS [12].
These opposite forces result in higher straining and temper-
ature at the RS, which contribute to dynamic recrystallization.

Despite the gap width variation, all joints show similar
hardness profiles, see Fig. 8, confirming that the gap width has
no effect on the heat input and plastic deformation of the
material, and that the microstructure kept similar for all
welds independent of gap width. As discussed by Heidarzadeh
et al. [28], in magnesium alloys the grain refinement has a
stronger effect on the overall hardness than precipitation
strengthening. Thus, since a finer microstructure is observed
in the SZ, and smaller grains result in more grain boundaries
and obstacles to the slip of dislocations, the hardness in the SZ
should be higher than of the BM, nevertheless, the typical
magnesium alloys {0001} <uwtv> B-fiber texture produces a
soft region in the SZ, reducing its hardness values, as reported
by Chowdhury et al. [1], resulting in similar values of hardness

80

Retreating Side Advancing Side

75+
BM + HAZ

N,
< BM + HAZ
[

70+

65

Vickers Hardness (HV 0.1)

45 - —a—0.21 mm —*—0.30 mm —=—0.51 mm
1 —*—0.83 mm ——0.98 mm ——1.15mm

40

AL LA L LA LR LA LA R B I R R R
-15.0-12.5-10.0 -7.5 -5.0 -2.56 0.0 2.5 5.0 7.5 10.0 12.5 15.0
Distance from the Center (mm)

Fig. 8 — Vickers hardness profile of the welds produced
with different real gap widths.

in the SZ and BM. The dominant mechanism of deformation of
the magnesium and its alloys, which have a hexagonal closed
packed crystal structure, is the {0001} basal slip. However, due
to the limited number of basal slip systems, non-basal slip
may occur at room temperature, that is the {112} <1123> py-
ramidal slip and {1010} <1210> prismatic slip, but in favorable
orientations or higher stresses [32]. The hardness in the HAZ is
similar to the BM, indicating no relevant influence of the
increased number of annealing twins. The maximum hard-
ness is obtained in the TMAZ due to the presence of finer
recrystallized grains compared to the BM, and weaker pref-
erential crystallographic orientation than in the SZ, as re-
ported by Liu et al. [34]. The maximum hardness occurred in
the TMAZ at the RS, where the straining and temperature are
higher than at the AS, which enhances the dynamic recrys-
tallization process.

Regarding the mechanical properties of the welds, with
increasing gap width, the UTS and the fracture strain slightly
decreases, see Fig. 9(a), where a gap width of 1.15 mm leads to
approximately 79% of the UTS of the BM, which is consistent
with results reported in the literature on FSW of AZ31[1,12,18].
Moreover, the tensile test resulted in the fracture of the welds
in the weld zone, as also observed by Afrin et al. [35] for FSW of
AZ31, where the samples presented a 45° shear fracture,
similar to that in Fig. 9(b), between the SZ and the TMAZ. The
fracture in the weld zone, between the SZ and the TMAZ, is
reported by some authors [34—36] to be resultant of the
maximum accumulation of the basal slip plane (0001) at the
boundary between the SZ and the TMAZ leading to the mini-
mum Schmid factor, with the normal direction of these planes
parallel to the transverse direction, and that the in-
compatibility of plasticity of the SZ and the TMAZ may cause
the fracture at the boundary between the zones.

Studies conducted by Ma et al. [29], Tsarkov et al. [30], and
Schultz et al. [37] explored the mechanical performance of
welds by FSW with gaps. The three studies analyzed the UTS
for maximum gap values of 2 mm. Ma et al. [29] similarly
found the constancy of UTS with gaps up to 1.15 mm, since
their welds with gaps until 0.8 mm showed a slow decrease in
UTS values and significant reductions for gaps from 1.6 to
2.0 mm. Similarly, Schutz et al. [37] also presented almost
constant UTS values for gap values up to approximately 1 mm,
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Fig. 9 — (a) Effect of the gap width between the sheets on Ultimate Tensile Strength and fracture strain of the welds, and (b)

fracture region in sample GC30 after tensile test.

and considerable reduction for larger gaps. Tsarkov et al. [30]
suggested the FSW tolerance for gaps of 20% of the plate
thickness, being discrepant values when compared with the
tolerance achieved in this study of approximately 50% of the
thickness.

Based on these results, it is concluded that the mechanical
properties of AZ31 magnesium alloy FSW welds are main-
tained with increasing gap width, only for a gap width of
1.15 mm a surface defect is observed. Therefore, it is
concluded that metallurgical and mechanical integrity of the
welds can only be ensured up to a maximum gap width of
approximately 1 mm, representing 50% of the BM thickness. A
larger gap width results in too significant SZ thickness
reduction, i.e. higher than 6%, which causes the formation of
surface defects, due to the lack of material to fill the cavity left
by the probe in the weld zone.

5. Conclusions

AZ31 magnesium alloys joints produced by FSW with different
gap widths up to 1.15 mm were investigated. The micro-
structural and mechanical analyses of the welds provided the
following results and conclusion:

e The welds present good surface finishing and no internal
defects, except for the weld produced with the maximum

gap width of 1.15 mm, which exhibited a lack-of-fill defect
on the top surface. The flow of plasticized material to the
gap during the process resulted in a reduction of the weld
thickness within the SZ, which increases with gap width. A
maximum thickness reduction of 8.5% within the SZ is
obtained for the maximum gap width, resulting in the lack-
of-fill defect on the top surface.

The rolled BM microstructure is characterized by equiaxed
grains of different sizes, containing lenticular-shaped
twins. A similar microstructure is observed in the HAZ,
with an increasing number of annealing twins. These
twins disappear in the TMAZ, and some finer grains were
formed due to dynamic recrystallization. The dynamic
recrystallization was enhanced in the SZ, resulting in even
finer and equiaxed grains.

The maximum hardness of around 70 HVy, is obtained in the
TMAZ due to the presence of fine grains. Since the gap width
did not significantly affect the plastic deformation and fric-
tional heat during the FSW process, the microstructure of the
weld zones and their hardness values are similar in all joints
investigated. Only a slight decrease in the UTS and fracture
strain is observed with increasing gap width.

To keep the metallurgical integrity of the welds without the
formation of the lack-of-fill defect, a maximum gap width
of 50% of BM thickness is recommended for AZ31 magne-
sium alloy joints produced by FSW of 2 mm thick sheets,
using the process parameters chosen in this study.
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