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Abstract

This study focuses on the microstructure evolution and mechanical properties of dissimilar magnesium alloy friction stir
welded AZ61/AZA40 joints achieved at different traverse speeds (50-130 mm/min) and a constant rotation speed (1200 rpm).
The surfaces of the welds are relatively smooth without any obvious surface defects except for the FSW joint at a traverse
speed of 50 mm/min. The nugget zone (NZ) is bowl-shaped due to the tapered probe. The Mg-based alloys were sufficiently
mixed with each other in the NZ, and the interface was irregular. In addition, the NZ exhibits fine equiaxed grains due to
dynamic recrystallization (DRX), and the grain size decreases with increasing traverse speed. The welded joints show a
relatively discontinuous microhardness, and the lowest microhardness occurs in the thermo-mechanically affected zone
(TMAZ) on the advancing side (AS). The strength increases as the traverse speed increases from 50 to 70 mm/min and then
decreases as the traverse speed increases continually. An exceptionally high tensile strength of 235 MPa was achieved at
a traverse speed of 70 mm/min. The combined effects of high-density dislocations and fine second phases (n-AlgMns and

B-Mg,;Al,, phase) promote mechanical properties.

Keywords Friction stir welding - Dissimilar magnesium alloy - Traverse speed - Microstructure - Mechanical properties

1 Introduction

Magnesium (Mg) alloys are ideal for the automotive and
aerospace industries because they exhibit light weight [1],
high specific strength [2], and machining performance [3].
Choosing lightweight alloys, Mg alloys and high-strength
materials can effectively reduce vehicle weight and achieve
a win—win situation of safety and environmental protection.
Establishing a reliable joining process can widen the appli-
cations of Mg alloys [4]. Studying and optimizing the weld-
ing performance of Mg alloys lightweight structural compo-
nents can be used to improve the mechanical properties of
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Mg alloys and expand their application fields. However, due
to the high thermal conductivity and low melting point of
Mg alloys, the traditional fusion welding of Mg alloy joints
faces many challenges, such as grain coarsening [2], heat
affected zone (HAZ) widening [5], intolerable distortions
[6], hot cracks [7] and evaporative loss of alloying elements,
which restrict the applications of Mg alloy welding struc-
tures. Therefore, in response to the shortcomings of tradi-
tional fusion welding of magnesium alloys, it is necessary
to conduct systematic research on new methods of Mg alloy
welding. Friction stir welding (FSW) is the most promising
development in the field of Mg alloy joining in recent years
and can significantly avoid the above issues [8].

At present, FSW has been successfully used to join a vari-
ety of Mg alloys, such as ZK60 [6], ZK61 [9], AM60/AZ31
[10], AMS50/AZ31 [11], AZ31 [12], and other series of Mg
alloys. It is well known that a reliable welded joint has a pos-
itive correlation with the heat input and thermoplastic defor-
mation, which is related to the FSW parameters (such as the
rotation speed, traverse speed, and size of the stirring tool),
in particular, the ratio of the rotation speed to the traverse
speed (denoted as w/v) [13]. With respect to the mechanical
properties, the welding temperature of FSW is much lower
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than that of the traditional fusion welding process. In gen-
eral, the temperature under stirring heat ranges from 300 C
to 470 °C, which is significantly affected by the ratio of w/v.
The heat input unit length decreases with the traverse speed,
and the grain size also decreases. However, the influence
of FSW parameters on joint quality is diverse. Yang et al.
[14] studied the microstructure and mechanical properties
of friction stir welded joints of 6 mm thick extruded AZ80
Mg alloy. They found that the grain size of the nugget zone
(NZ) increases as the traverse speed increases, and a uni-
form microstructure is formed in the joint at a low trav-
erse speed. During FSW, dynamic recrystallization (DRX)
usually occurs in the NZ of the welded joint and causes
microstructure refinement to greatly improve the mechani-
cal properties. In general, DRX can be divided into three
main mechanisms in Mg alloys, i.e., discontinuous dynamic
recrystallization (DDRX), continuous dynamic recrystalliza-
tion (CDRX), and twin dynamic recrystallization (TDRX)
[15]. Lee et al. [16] studied the FSW of dissimilar Mg alloys
AZ31 and AZ91 with a thickness of 4 mm and indicated that
DRX and grain growth occur in the NZ, which is mainly
composed of AZ31 Mg alloy placed on the RS.

For the dissimilar friction stir welded joint, the resultant
grain structure in the weld determines the properties of the
welded joint, and the abnormal microstructure severely
affects the welded joint quality. In addition, the properties
also mainly depend on mechanical interlocking (tortuous
bonding interface) and metallurgical bonding (intermetallic
compounds (IMCs)) [8]. Liu et al. [17] studied the effect of
FSW parameters (rotation speed and traverse speed) on the
material arrangement and mechanical properties of AZ80/
AZ31 dissimilar Mg alloy FSW joints. Sunil et al. [18] found
fine grains and the second phase of f-Mg,;Al;, in the NZ
of AZ31/AZ91 Mg alloy dissimilar FSW joints, which have
a clear bonding interface between the NZ and TMAZ. The
second phase in the NZ results in an increase in microhardness.
Liu et al. [19] reported that the base metal (BM) mixing,
grain refinement, and decomposition of the second phase of
the ZK60/AZ31 dissimilar Mg alloy welded joint result in a
significant increase in the microhardness of the NZ compared
to the two BMs. Yang et al. [14] found that the coarse
-Mg,,Al,, phase dissolved during FSW, and only a small
amount of the f phase in the NZ. Luo et al. [20] studied the
microstructure evolution and mechanical properties of friction
stir welded joints of Mg—Zn—Gd and Mg—Al-Zn dissimilar Mg
alloys (ZG61/AZ91D), and severe deformation and material
flow occurred in the NZ at high strain rates and temperatures.
There is no obvious joining interface or IMCs at the interface
of the two Mg alloys, forming the Mg,;7Zn,Gd phase due to
mutual diffusion between Zn and Al alloying elements.
Templeman et al. [11] investigated the FSW joint of AMS50/
AZ31 Mg alloys and found that the dislocation rearrangement
in AMS50 is a subgrain boundary, indicating CDRX. The AZ31
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magnesium alloy undergoes grain boundary movement and
twin rotation relative to the matrix, transforming into low-
angle grain boundaries, indicating DDRX. The dissolution of
the rich Al phase B-Mg,,Al,, leads to an increase in the Al
content in the matrix of the NZ, resulting in the NZ exhibiting
a higher potential than the BMs.

In general, the tensile properties of the FSW welded
joint were lower than those of the BMs, which was mainly
attributed to the severe strain localization in the joints [21].
Moreover, the fracture locations might occur in different
regions and shift in the FSW welded joint. Huetsch et al.
[22] studied the local stress of AZ31 Mg alloy after FSW,
indicating that the uneven local stress results in the final
fracture occurring in the thermos-mechanically affected zone
(TMAZ) on the retreating side (RS). Shang et al. [23] also
pointed out that the crack shift is mainly attributed to the
strain localization, which is generated by the incompatible
deformation of different subregions. The twinning at the
edge of the nugget zone and the slip near the edge of the
nugget zone led to uneven deformation in this area. The
microstructure and the texture evolution in both the NZ
and TMAZ played an important role in the nonuniform
deformation behavior [24] in view of the topic phenomena
of dissimilar Mg alloys FSW, which is different from single
Mg alloys FSW, including material flow, texture evolution,
material location and their effects on the mechanical
properties. Considering the uniqueness of each series and
grade of Mg alloy, different grades of magnesium alloy
welding will have different characteristics.

In this study, AZ61A and AZ40M are two common
commercial Mg alloys in the automotive and aerospace
industries selected as the base metals (BMs). AZ40M
has better corrosion resistance, and AZ61A has better
plastic formability and impact resistance. Therefore,
the dissimilar AZ61A/AZ40M Mg alloy FSW joint can
meet the requirements of Mg alloys in different working
environments. However, there is still a lack of relevant
studies on dissimilar AZ61A/AZ40M Mg alloy FSW process
parameters. Hence, the microstructure and mechanical
properties of dissimilar AZ61/AZ40 Mg alloy FSW joints
at different traverse speeds and significantly high strength
joints were obtained. Moreover, the reason for the dissimilar
friction stir welded AZ61/AZ40 joint fracture behavior was
analyzed in this study.

2 Materials and experimental procedures

The Mg alloys used in this study were AZ40M and AZ61A
Mg alloy plates with dimensions of 200 x 100 x 6.2 mm?
welded by FSW. The chemical compositions of the base
metal are shown in Table 1. The microstructure of the BMs
is shown in Fig. 1, and the grains of the two base metals are
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Table 1 The chemical

o Alloy Si Cu Fe Ni Al Mn Zn Mg

compositions of AZ40M and
AZ61A alloy (wt%) AZ61A <0.08 <0.01 <0.003 <0.001 5.9 0.38 0.89 Bal
AZAOM 0.026 0.002 0.0023 0.00047 3.6 0.29 0.47 Bal

Fig. 1 The microstructure of the BMs, a AZ40M; b AZ61A

Table 2 The mechanical properties of the AZ40M and AZ61A alloy

Alloy Yield strength/MPa Ultimate tensile  Elongation/%
strength/MPa

AZ61A 104.7+8.3 315.6+7.4 27.8+3.4

AZ4AOM 106.3+11.6 295.4+19.6 18.2+2.6

relatively coarse. The grain size distribution of the AZ40M
Mg alloy is relatively uniform to that of the AZ61A Mg
alloy. Some large grains are distributed among the refined
equiaxed grains, and Zhang et al. [25] indicated that a
bimodal/multimodal microstructure is beneficial for improv-
ing the ductility of Mg alloys. The mechanical properties of
the AZ40M and AZ61A alloys are shown in Table 2. The
yield strength of AZ40M is close to that of AZ61A, and
the ultimate tensile strength and elongation of AZ40M are
higher than those of AZ61A; thus, AZ40M was placed on
the advancing side (AS).

The friction stir welding experiment was carried out using
an FSW-058 friction stir welding machine. The shaft shoul-
der of the stirring head is a concave threaded shaft shoul-
der, and the diameter of the shaft shoulder is 15 mm; the
length of the stirring probe is 5.9 mm, the bottom diameter
is 6.4 mm, and the end diameter is 4 mm, as shown in Fig. 2.
Before FSW, the surface of the plates was polished with SiC
abrasive papers and acetone in sequence to remove oil stain

and oxide layers. In this study, the welds were manufactured
at traverse speeds of 50, 70, 90, 110, and 130 mm/min. The
constant rotational speed was 1200 rpm, and the tool tilt was
3° with a downwards shaft shoulder of 0.3 mm.

After FSW, metallographic samples were cut vertically
to the welding direction of FSW to investigate the
microstructure characteristics. Standard grinding and
polishing techniques were employed to obtain the mirror
surface. The polished surface was etched with a solution of
8% nitric acid aqueous solution and 5% oxalic acid aqueous
solution to reveal the flow patterns and microstructures via
a DMIE200M optical microscope (OM). A Zeiss EV018
scanning electron microscope (SEM) (with EDS) was
used to study the precipitation phase of the FSW joints.
Transmission electron microscopy (TEM) foils were cut
from the samples and mechanically ground to approximately
50 pm thickness. Disks (3 mm) were punched from the
foils and twin-jet electropolished with a solution of 10%
perchloric acid+90% absolute ethanol as the electrolyte at
—30 °C. Foils were examined with an FEI Tecnai G2 F20
TEM operated at 200 kV.

The microhardness of the specimens was measured on
an HVD-2000TM/LCD pyramidal indenter with a test
load of 100X g for 10 s. The hardness of the specimens
was measured along the mid-thickness of the joints’ cross
section, and the testing points included the base metal (BM),
heat affected zone (HAZ), thermomechanical affected zone
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Fig.2 The shape and size of the friction stir welding tool

(TMAZ), and nugget zone (NZ). The tensile specimens were
cut vertically to the welding direction of the FSW joints. The
tensile specimens with a width of 25 mm and a gage length
of 76 mm were machined according to the ASTM E8M
specification, and the tensile tests were carried out on the
SHT 4605 testing machine at room temperature with a low
strain rate of 5x 107* s7!. Three parallel tensile specimens
were prepared for the tensile tests, and the average value was
used as the result.

3 Results and discussion
3.1 Macrostructure characterization

The surface morphologies of FSW joints obtained with dif-
ferent process parameters are shown in Fig. 3. The surfaces
of the welds are relatively smooth without any obvious sur-
face defects except for the FSW joint at a traverse speed of
50 mm/min (Fig. 3a). From Fig. 3a, there is a crack with a
length of approximately 50 mm observed in the initial stage
of welding. This might be due to the relatively high heat
input when the traverse speed was 50 mm/min and the rota-
tional speed was 1200 rpm. The Mg alloys liquefied and
formed cracks during the solidification process. In general,
there is a difference in heat input in a single-pass friction
stir welded joint, i.e., the heat input in the stable and end
stages of the weld is higher than that in the initial stage [26].
The formation of this surface crack is not conducive to the
mechanical properties of the joint. Moreover, small flash and
little arc corrugation are clear on the weld surfaces produced
at high traverse speeds of 70 ~ 130 mm/min. In addition, the
flash and arc corrugation on the weld surfaces is eliminated
when the traverse speed is greater than 110 mm/min, espe-
cially flash, as shown in Fig. 4d and e. According to Fig. 4,

Fig. 3 The surfaces of the FSW joints at various traverse speeds a 50 mm/min; b 70 mm/min; ¢ 90 mm/min; d 110 mm/min and e 130 mm/min
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with the increase in traverse speed, the surface flash of the
FSW joint gradually decreases.

The cross-sectional macrographs of the FSW joints at
various traverse speeds are shown in Fig. 4. It is clear that
relatively symmetric joints throughout the thickness were
obtained at all traverse speeds. The FSW joints consist of
the NZ, TMAZ, HAZ, and BM. During the FSW process,
microstructure evolution and weld formation are generally
affected by the shape of the probe, which will directly
affect the heat input and material flow [27]. Therefore,
all joints show the typically basin-shaped NZ due to the
tapered probe. In addition, all specimens have sound joints
except the specimen at a traverse speed of 50 mm/min, as
shown in Fig. 4a. There are obvious tunnel and void-type
defects in the NZ of the FSW joint, and the onion ring
morphology is only visible at the root weld (Fig. 4a). The
defects disappeared when the traverse speed was greater
than 70 mm/min. This might be because the joint obtained
under the process parameters of 1200 rpm—50 mm/min had
insufficient heat input, which in turn affected the material
flow and finally formed a tunnel in the NZ of the weld. In
general, the slowing traverse speed might cause a higher heat
input. However, it should be noted that when the temperature
in the weld reaches a certain level, the friction coefficient of
the material will decrease, so the heat input in the weld will
not increase with increasing rotation speed or decreasing
welding speed. In addition, when the heat in and out of the
weld seam is too high, the plasticized metal will adhere
too much to the inner surface of the stirring head shoulder,
reducing the plasticized volume of the material.

The Mg alloys on both sides formed a relatively sufficient
material mixing with each other in the NZ, and the interface
was irregular. An obvious onion ring shape can be observed
in the middle and bottom of the NZ, as shown in Fig. 4b-e. In
addition, due to the material flow in the thickness direction
of the plate, Mg alloys can be observed in the middle and
bottom of the NZ corresponding to the threads on the
tapered threaded pins. The material at the top of the joint is
in direct contact with the shoulder, and the heat input and
the temperature obtained by it are relatively high. During
the FSW process, the material flow at the top of the joint is
mainly driven by the rotation of the shoulder, which obtains
a relatively high heat input and temperature. Moreover, the
material flow at the top of the joint is mainly driven by the
rotation of the shoulder, and in the middle of the NZ, it is
mainly driven by the stirring probe, in which the temperature
is lower than that of the top.

3.2 Materials flow

To reveal the materials flow during the FSW process, Fig. 5
shows the material flow patterns at the transverse cross sec-
tion of the FSW joint at a traverse speed of 70 mm/min. In
addition, the interface between AZ40M and AZ61A in the
NZ can also be visibly identified because of the discrepancy
in corrosion resistance. The dark area is RS-AZ61A, and the
gray area is AS-AZ40M. The upper part of the FSW joint
shows horizontal flow, as shown in Fig. 5a, b, c. The other
parts show obvious U-shaped flow traces, as indicated by
the red arrows in Fig. 5. The materials are stirred into the

Fig.4 Macrostructure of the FSW joints at various traverse speeds a 50 mm/min; b 70 mm/min; ¢ 90 mm/min; d 110 mm/min and e 130 mm/

min
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(@)

Fig.5 OM images at the cross section of the welded joint at the traverse speed of 70 mm/min a top of RS-TMAZ, b top of NZ, ¢ top of AS-
TMAZ, d middle of RS-TMAZ, e middle of NZ, f middle of AS-TMAZ, g bottom of RS-TMAZ, h bottom of NZ, i bottom of AS-TMAZ

bottom due to the drive force of the stirring shoulder and
pushed upwards by the right-hand pin thread [24]. Figure 5b,
e, h shows the NZ of the FSW joint, and the “onion ring”
is obvious, indicating that the two BMs were inter-locked
with each other.

A cross-sectional macrostructure of the FSW joint is
obtained at a traverse speed of 70 mm/min in Fig. 6. From
Fig. 6a, the two different BMs interlock into each other, and
it is obvious that the materials flow and several deformations
take place because of the high rotation speed and strain rate.
In addition, under the effect of the stirring tool, AZ40M
stretches into deformation banded structures. The interface
between AZ61A and AZ40M seems to be an “onion ring”,
which has been studied widely in previous papers [28]. From
Fig. 6b, it can be seen that there is no significant IMC layer
at the interface, which exhibits a tortuous shape due to the

@ Springer

combined effects of the heat input and high mechanical force
during FSW. In addition, the distribution of three main ele-
ments (Mg, Al and Zn) at the interface of the two BMs is
also shown in Fig. 6b. There is a smooth change in the con-
tent of the main elements at the interface. According to the
chemical components of the BMs, Al and Zn diffuse from
AZ61A to AZ40OM.

3.3 Microstructure evolution

The microstructure of the NZ of the joints with different
traverse speeds from 50 to 130 mm/min is shown in Fig. 7.
The NZ experienced dynamic recrystallization (DRX) due
to the combined effects of the welding heat input and the
mechanical stirring of the stirring tool, and the microstruc-
tures all show fine equiaxed grains. In general, the grain
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Fig. 6 Interface of the two BMs in FSW joint obtained at the traverse speed of 70 mm/min

size is significantly affected by the ratio of rotation rate to
traverse speed (denoted as w/v) due to different degrees of
heat input and thermoplastic deformation. Therefore, Fig. 7a
shows the coarsest grains with an average grain size of
15.5 pm at a high w/v ratio with a traverse speed of 50 mm/
min. With an increasing traverse speed, the grain size of the

specimen with a traverse speed of 130 mm/min decreases to
12.5 pm. As the welding speed increases, the microstructure
in the middle of the weld nugget area decreases, but defects,
such as flash and holes increase.

Figure 8 shows the XRD results of the BMs and experi-
mental welded joints. It is clear that the BMs were composed

Fig. 7 Microstructure of the NZ at various rotational speeds a 50 mm/min; b 70 mm/min; ¢ 90 mm/min; d 110 mm/min and e 130 mm/min
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of a-Mg, f-Mg,;Al,, and n-AlgMn; phases. After FSW, the
welded joints were composed of the same phases. To further
investigate the effect of the traverse speed on the second-
phase particles, SEM—EDS and TEM were performed.

—— AZ4OM
* -Mg —— AZ61A
v B-Mg,;Al}, —— 50 mm/min
O & 1-AlMng — 70 mm/min
. —— 90 mm/min
= — 110 mm/min
% ° — 130 mm/min
7
=
15}
= °
— .
v o0
vyvy o YR R 4
AT
i\ B
k \ ){ n k ,;\\ . X
JU e} *__JL |
1 1 1 1 L
20 30 40 50 60 70 80

20/°

Fig.8 XRD results of experimental welded joints

The second phases of the NZ with rotational speeds of
70 mm/min and 130 mm/min were analyzed by SEM and
EDS, as shown in Fig. 9. The second phase particles in the
NZ were fine and distributed uniformly, and the sizes of
the particles in both joints were similar. Generally, as hard
and brittle particles, the second phases in the BMs were
extruded and rotating sheared by the stirring tool first during
the process of friction stir welding. Then, the second phases
were broken down and turned into fine particles. Therefore,
it can be seen that the NZ is mainly composed of uniformly
distributed small precipitates, as shown in Fig. 9a and b.
Theoretically, the fine and evenly distributed second phases
can increase the strength of joints [10]. The corresponding
EDS results show that the second phase in the NZ is mainly
composed of Al, Mg, and Mn, which is mainly the Mg-Al-
Mn rich phase. This is consistent with the XRD results.

Figure 10 shows the second phases and dislocations in the
NZ of the welded joint at a traverse speed of 70 mm/min. In
Fig. 10a, the typical elliptical and rod-shaped precipitates
are f-Mg,;Al,, and n-AlgMns, respectively. Figure 10b,
¢ shows that high-density dislocations piled up the grain
boundaries. The intragranular dislocation movement was

M Spectrum 1
|
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Mg 24.84 32.81
Al 38.42 45.73
Mn 36.46 21.32
Zn 0.28 0.14
Mn
Mn
o 2 4 & 8 10 12 14 16 18 20
iﬂum : Eloction Inooe't Full Scale 14853 cts Cursor: 0.000 keV|
50pm
Mg Spectrum 1
1 Element Weight% Atomic%
Mg 43.43 52.12
Al 32.60 35.20
Mn 23.45 12.46
Zn 0.52 023
MR mn
R ]
: lg)eulmnﬂ K —— T — .'-‘. T T T T T T
b 0 2 4 ] 8 10 12 14 16 18 20
Full Scale 27784 cts Cursor. 0.000 kev

Electron Image 1

S0pm

Fig.9 SEM images showing second phases in the experimental welded joint a 70 mm/min; b 130 mm/min
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hindered by the grain boundaries, resulting in the accumu-
lation of high-density dislocations at the grain boundaries.
From Fig. 10d, the interaction between high-density disloca-
tions and B-Mg,,Al,, precipitates at the grain boundaries in
the NZ can improve the mechanical properties.

3.4 Microhardness

Figure 11 shows the microhardness of the experimental
welded joints with different traverse speeds from 70 mm/
min to 130 mm/min. The microhardness value was meas-
ured in the middle of the thickness with 1 mm intervals.
The microhardness value of the welded zone has a relatively
large variation compared to that of the BMs. The microhard-
ness values vary between 50.4 HV to 69.4 HV. The aver-
age microhardness values in the NZ of all welded joints are
61.7,54.4,57.1,62.0, and 61.2 HV for traverse speeds of 50,
70, 90, 110, and 130 mm/min, respectively. The microhard-
ness distribution shows a relatively obvious discontinuity
between the NZ and HAZ + TMAZ in each process parame-
ter. It should be noted that the microhardness affected by the
grain size does not follow the Hall—Petch equation. In this

Fig. 10 TEM images showing
second phases and dislocations
in NZ of the welded joint at
the traverse speed of 70 mm/
min. a dislocation wall; b grain
boundary and dislocations;

¢ dislocations; d f-Mg,Al,,
and dislocations; e SAED of
B-Mg;Al,

80
70 |
>
z
v
§
= 600
=
=
=
3
= 50t AS HAZ+TMAZ RS
—&— 50 mm/min
—e— 70 mm/min
i —4— 90 mm/min
40 | —v— 110 mm/min
—<— 130 mm/min
-10 B 0 5 10

Distance from center line/mm

Fig. 11 Microhardness distribution of the experimental welded joint

study, the microhardness value was significantly influenced
by the grain size and the microstructure (dislocation density
and precipitate or intermetallic compound distribution). The

@ Springer



66 Page 100f 14

Archives of Civil and Mechanical Engineering (2024) 24:66

heterogeneous grain structures in different zones result from
their different thermomechanical coupling behaviors.

The BM of AZ40M is not a precipitation-strengthened
Mg alloy, and the microhardness variation is mainly caused
by the grain size and dislocation density [29]. The dissolu-
tion and the reprecipitation of the second phase f-Mg;,Al,,
during FSW do not play an important role in the microhard-
ness value. However, in the case of AZ61A, Al and Mg solid
solutions and Al and Mg compounds play a substantial role
in the microhardness value. In this study, the relatively large
variation in the microhardness value of the experimental
welded joints (NZ) with different traverse speeds is prob-
ably related to the dislocation density and residual stress
evolution. Esparza et al. [30] reported that the slight change
in the microhardness value in the NZ of an AZ31 alloy FSW
welded joint is related to the high-density dislocations and
residual stresses. During FSW, severe deformation occurs in
the stir zone that causes high-density dislocations. The dislo-
cation density increases with increasing traverse speed, and
the microhardness value in the NZ increases gradually. How-
ever, in the welded joint when the traverse speed is 50 mm/
min, the microhardness value is higher than that of the others
because of the combined effect of the high-density disloca-
tions and fine grain size. For the FSW Mg alloys, the basal
slip hindered uneven grain boundaries, which also inhibited
dislocation movement. In addition, the finer grains inhibit
local plastic deformation because of the formation of many
grain boundaries and consequently result in an increase in
hardness [31]. In addition, because of the stirring effect in
FSW, the alloy on the AS and RS underwent partial displace-
ment; thus, the microhardness value in the (HAZ + TMAZ)-
AS is higher than that of the BM-AS.

3.5 Tensile properties

The tensile properties of AZ40M/AZ61A dissimilar magne-
sium alloy joints obtained with different process parameters
are shown in Fig. 12. When the traverse speed is 70 mm/
min, the UTS and the YS achieve the maximum values of
UTS (235 MPa) and YS (102 MPa), respectively. When the
traverse speed is between 90 and 130 mm/min, the strength
(YS and UTS) is similar. Therefore, the welded joint has
obtained an exceptionally high strength value when the trav-
erse speed is 70 mm/min. According to Table 2 and Fig. 12,
yield stress (YS) and ultimate tensile strength (UTS) of the
experimental welded joints are lower than those of the BMs.
In general, the YS of the joint should be higher than that of
the BMs due to the contribution of refined grains for DRX,
while the results show the opposite fact. First, the strength is
not strongly correlated to the hardness value because of the
low hardness regions that exist in the welded joints. Second,
the mechanical properties are also affected by the disloca-
tion density and residual stresses. Third, textures play an
important role in mechanical properties [32].

The YS and the UTS achieved a maximum when the trav-
erse speed was 70 mm/min, which might be because of the
effects of heat generation and plastic deformation during
FSW. Hamilton et al. [33] reported that the YS is negatively
related to temperature. In contrast, the higher traverse speed
(larger than 90 mm/min) resulted in a lower heat input dur-
ing FSW, which resulted in insufficient material flow in
the NZ and caused the tensile properties to decrease. The
elongation expressed similar results with the strength, and
the elongations of all experimental welded joints were also
relatively lower than that of BMs, as shown in Fig. 12b.

(a) .
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200 + —90 mm/mir¥
— 110 mm/min
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<
b) 300 30
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Fig. 12 The tensile properties of AZ40M/AZ61A dissimilar magnesium alloy joints
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According to Fig. 12c-f, all experimental welded joints
fractured in the center of the weld. Previous research on
FSW joints of single Mg alloys reported similar fracture
morphologies [23]. In summary, the traverse speed cannot
significantly affect the tensile properties when the traverse
speed is larger than 90 mm/min.

3.6 Fracture behavior

After the tensile test, the fracture morphology was studied
by SEM and EDS to infer the fracture characteristics of
the FSW joints, as shown in Fig. 13. Figure 13a shows the
macroscopic fracture surface of the tensile specimen of the
welded joint at a traverse speed of 50 mm/min. It can be
observed that there is a loose structure caused by tunnel-
type defects in the center of the thickness. Figure 13f-h
is the fractographic of the top, middle, and bottom posi-
tions of the tensile fracture, all of which are composed
of relatively flat cleavage planes, showing typical brittle
fracture characteristics. Figure 13b-e shows the tensile
fracture surfaces of the welded joints at traverse speeds
from 70 mm/min to 130 mm/min. The tensile fracture sur-
faces consisted of brittle, ductile, and shear fracture fea-
tures. The top surfaces show brittle fractography, as shown
in Fig. 13k, n, q, t. The center-fractured surface shows
the typical ductile feature, which consists of a number of
dimples and tear ridges (Fig. 13j, m, p, s). The tear ridges
are oriented along a certain direction and reveal some ori-
entations. Yang et al. [34] proved that texture evolution
can effectively affect the change in the direction of tear
ridges. The bottom of welded joints at traverse speeds of
70 and 90 mm/min shows ductile fracture features with a
number of dimples and tear ridges. Moreover, the bottom
of the welded joints at traverse speeds of 110 and 130 mm/
min exhibited brittle fracture features with a relatively flat
and river morphology. The brittle fracture feature might
be because of the higher traverse speed resulting in the
lower heat input, which results in insufficient material
flow in the NZ. The difference in fracture morphology
in the plate thickness direction is also related to the heat
input difference in the plate thickness direction of the FSW
welded joint. The heat generated in the friction stir weld-
ing process is mainly generated by the friction between
the rotating shoulder and the material to be welded. The
top material of the welded joint is in direct contact with
the shoulder surface, and the heat input and temperature
obtained are higher than those at the center and bottom
positions of the plate thickness. This difference in heat
input in the thickness direction can lead to differences in
the microstructure of the joint at different locations, which
in turn affects the mechanical properties. In addition, Liu

et al. [6] noted that second-phase particles play an impor-
tant role in fracture.

The EDS analysis of the inclusions in the tensile
fracture of the FSW joints obtained at traverse speeds
of 70 and 130 mm/min is shown in Fig. 14. The SEM
analysis shows that the inclusions are irregular block-
like structures. These inclusions are mainly the second
phase composed of Al, Mg, and Mn, which are inferred
to be p-Mg;,Al,, and n-AlgMns. These precipitated phase
distributions play a strengthening role in the FSW joint.
However, a high density of dislocations will form around
the precipitated phase due to grain deformation and dis-
location movement during the tensile process, resulting
in stress concentration. This inhomogeneous stress state
between the matrix and the precipitated phase leads to the
aggregation of micropores and the formation of cracks,
which eventually lead to the fracture of the joint [35].

4 Conclusions

Dissimilar friction stir welded AZ60M/AZ40A joints are
achieved at different traverse speeds. The effects of traverse
speed on joint formation, microstructure evolution, and
mechanical properties are as follows:

(1) Sound dissimilar friction stir welded AZ60M/AZ40A
joints with smooth surfaces were obtained at a wide
range of traverse speeds of 70-130 mm/min. Surface
liquefaction cracks and internal tunnel defects existed
in the joint obtained at a traverse speed of 50 mm/min.

(2) As the traverse speed increases, the grain size of the
NZ decreases. The microstructure of the NZ is mainly
composed of fine recrystallized equiaxed grains.
The second phase in the NZ is relatively fine and
evenly distributed and is mainly the n-AlgMns and
f-Mg,,Al,, phases. The combined effects of high-
density dislocations and fine second phases promote
mechanical properties.

(3) The strength increases as the traverse speed increases
from 50 to 70 mm/min and then decreases as the
traverse speed increases continually. An exceptionally
high tensile strength of 235 MPa was achieved at a
traverse speed of 70 mm/min.

(4) All tensile specimens fracture at the center of the
welded joints, and the fracture surface shows typical
ductile features.

@ Springer



66 Pagel12o0f14 Archives of Civil and Mechanical Engineering (2024) 24:66

Fig. 13 Fractography of the fractured surfaces after tensile tests a 50 mm/min; b 70 mm/min; ¢ 90 mm/min; d 110 mm/min and e 130 mm/min
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Fig. 14 EDS results of the inclusion phase a 70 mm/min; b 130 mm/min
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