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Abstract
Submerged friction stir welding on magnesium (Mg) alloy is investigated with limits in the past. ME20M is an important
lightweight Mg alloy with enhanced yield strength and heat resistance that merits further research. In this paper, submerged
friction stir welding of ME20M Mg alloy was carried out in different temperatures of cooling water. Three-dimensional numer-
ical was employed to analyze the thermal field under the same weld conditions, and the numerical predictions were compared
with the experimental results. The macrostructure, microstructure, tensile properties, and hardness are tested. The results show
that the numerical results and the experimental results exhibits the same trends. By increasing the cooling water temperature, the
grain size of the weld nugget increased, the tensile strength of the joint decreased, and the microhardness of the weld joint
decreased. The largest tensile strength was 170.5 MPa, which was ~ 71.04% of the base metal. The highest and the lowest
hardness values of the weld joint were obtained at the cooling water temperature of 15 °C and 75 °C, respectively, in the weld
nugget and heat-affected zones.
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1 Introduction

Magnesium (Mg) alloys are increasingly important lightweight
structure materials for application in many industries [1].
However,Mg alloys was still limited, applied by their poor form-
ability, which can be enhanced by grain refining. During the
research and development of Mg alloys, Al, Zn, or Mn were
added in different ratios to improve their formability.
Furthermore, improvements in the formability ofMg alloys have
been demonstrated by the addition of rare earth (RE) elements,
such as cerium (Ce) and lanthanum (La) [2–5]. Among all of the
Mg-RE alloys, ME20M Mg alloy (also previously known as
MB8), which contains manganese (Mn) and Ce, own its advan-
tage in weldability and corrosion resistance and was extensively
employed in aircraft envelope and panels [6].

Friction stir welding (FSW) was invented in 1991 as an
effective method to produce high-quality grain refined
joints [7]. Many researchers had studied Mg alloys through
the methods of friction stir welding/processing (FSW/P),
especially the RE-Mg alloys [8–13]. They found that mi-
crostructure characterization revealed significant grain re-
finement; ultimate strength was primarily attributed to
macroscopic features. FSW/P of ME20M Mg alloy was
carried out by many researchers; observed that the grain
size was refined from about 16.5–6 μm, the tensile strength
of the defect-free joint was ~ 76% of the base metal; the
microhardness and elongations of the joint were also in-
creased in some degree, respectively [14–16]. Since fine-
grained microstructures generally improved the material’s
strength and plasticity, a certain cooling method (such as
water cooling) which can achieve even finer grain sizes
was adopted in FSW and named submerged friction stir
welding (SFSW). AZ31 [17], AZ61 [18], and AZ91 [19]
Mg alloys were welded by FSW/P in air and underwater
and then investigated the microstructures and mechanical
properties. Grains obtained by SFSW was finer than FSW
in air; the mechanical properties were also improved by
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water cooling. Furthermore, the cooling rate was known as
an important influence factor during the cooling process of
the melt metals. Though the FSW is a solid diffusion bond-
ing, the cooling rate cannot be ignored and has attracted
some interest. Based on the above consideration, different
water cooling environment was discussed in hot water and
cold water [20]. The results indicated that the joints welded
in hot water were improved to own the best mechanical
properties, but it had the biggest width of the minimum
hardness accordingly with the heat-affected zone (HAZ)
of the joints.

Due to the convenience and feasibility of the numerical
simulations, numerical investigations were used in FSW/
P; many researchers tended to simulate the complex de-
tails such as heat generation, metal fluent, and mass trans-
fer for process set-up and welding history prediction [21,
22]. Friction stir welding of AZ31 Mg alloy was simulat-
ed in the thermos process and was compared with the
experimental temperature [23]. Discrepancies between nu-
merical and experimental temperature values were little,
and the results were in good agreement. The microstruc-
ture evolution, temperature, and effective strain

distributions of AZ91Mg alloy FSW were analyzed by
using the software Deform-3D [24, 25], and the simula-
tion results could exactly reflect the experimental temper-
ature and predict the effective strain distributions. The
simulated microstructures were in good agreement with
experimental microstructure. ANSYS was also used to
simulate the FSW thermos history both in air and im-
mersed conditions [26]; the thermal numerical tempera-
ture results in the weld nugget zone were within a 3.5%
error, which improved the prediction of the temperature
history.

ME20M Mg alloy is extensively applied in many indus-
tries because of its excellent properties, however, it has been
minimally studied to date. In this study, ME20M was
employed to carry out the submerged friction stir welding
to research the effects of the water cooling environment on
the welding joints. To further study the temperature history
and have a better understanding of the influence of water
cooling on the results, numerical simulation was proceeded
and compared with the experimental results. Besides, micro-
structure and mechanical properties of the weld joints were
discussed in detail.

Fig. 1 Fixture diagram and the stir tool of submerged friction stir welding

Fig. 2 Mesh graph of the simulate model in submerged friction stir
welding

Table 1 Material properties of the ME20M Mg alloy

Density (ρ) 1.78 g cm-3

Specific heat (c) 250 J/(kg K)

Poisson’s ratio 0.34

Heat conductivity coefficient (λ) 32 W/(m K)

Elasticity modulus (E) 41,000 MPa

Linear expansion coefficient (α) 20~100 °C 23.61 × 10-6/ °C

100~200 °C 26.1 × 10-6/ °C

200~300 °C 32.0 × 10-6/ °C

Tensile strength (vertical) (σb) 240 MPa

Int J Adv Manuf Technol (2019) 105:5203 5215–5204



2 Material and experiments

The material under investigation was ME20M Mg alloy
plates based on the Mg matrix with the addition of
0.15~0.35 wt% Ce, 1.3~3.2 wt% Mn, ≤ 0.20 wt%
Aluminum (Al), ≤ 0.30 wt% Zinc (Zn), ≤ 0.10 wt%
Silicon (Si), ≤ 0.05 wt% Iron (Fe), and ≤ 0.05 wt%
Copper (Cu). The dimensions of the plates are 5-mm thick,
160-mm long, and 65-mm wide, respectively. The stir tool
was made of H13 steel, and be quenching and tempering
treated to ameliorate the friction and stir ability. The
welding of the ME20M Mg alloys was undertaken on a
CNC milling center in a butt configuration and placed in
a container that held the samples submerged during the
welding process as shown in Fig. 1. Flowing water was
used to keep the cooling water temperature. After series
of experiments, 1300 rpm rotation speed, 40 mm/min tra-
verse speed, and 0.3 mm plunge depth were chosen to be
the process parameters, and the temperature of the cooling
water changed from 15 to 75 °C spacing of 15 °C. K-type
thermocouples were fixed at the top surface and 10 mm
from the weld line on the retreating side.

For the metallographic specimen preparation, the sam-
ples were cut perpendicular to the welding direction by
wire electrode cutting and etched with an acetic-picric
solution composed of 10 ml acetic acid, 4.2 g picric acid,
10 ml water, and 70 ml ethanol (95%). The samples were
then characterized by a QMW550 digital optical

microscope and QVANTA 650 scanning electron micro-
scope (SEM).

The microhardness of the joints tested on an HXS-
1000A microhardness testing machine by applying a load
of 100 g and a dwell time of 15 s along the centerline of
the thickness direction with a 0.5 mm spacing between
each point. Tensile tests in accordance with the ASTM
E8/E8M standard were carried out using a CMT 5105
SANS microcomputer-controlled electronic universal ten-
sile testing machine (Shenzhen SANS Metering
Technology). The tensile strength results were recorded,
and the average value of the two specimens was calcu-
lated. The fracture surfaces of the tensile samples were
identified by SEM.

3 Numerical modeling

3.1 Model description

The 3D simulation software ANSYS was used to simu-
late the thermos history of ME20M Mg alloy SFSW in
different water cooling conditions. Solid 70, an eight-
node hexahedral element with only one temperature
freedom degree for each node, was chosen to be the
finite element. The mesh graph as illustrated in Fig. 2
has the finest grids in the stir zone, the finer grids in
the shoulder-affected zone, and the largest grids in the

Fig. 3 Simulated temperature field of the different cooling water temperatures. Whole temperature distribution of 15 °C (a)°C;. Partial temperature
distribution of (b) 15 °C°C (b);, of (c) 30°C °C (c);, of (d) 45 °C (d)°C;, of (e) 60 °C (e),°C; and of (f) 75 °C (f)
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other area to balance the calculation accuracy and cal-
culation time. The physical properties of ME20M Mg
alloy were shown in Table 1. Besides, it was assumed
that

1. The workpiece is modeled as an isotropic and homoge-
nous material.

2. The friction factor between the workpiece and the tool is
constant.

Fig. 4 Temperature-time curves of the different cooling water temperatures. a 15 °C. b 30 °C. c 45 °C. d 60 °C. e 75°C
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3. The thermal characteristics of the workpiece and tool are
constant.

Besides, the stir tool model was the same dimensions
of the experiments. During the experiments, the tool
also heated by the friction heat of the tool and the
workpiece, which may experience heat transfer during
the experiment [27, 28]. Compared with the other heat
transfer, the heat transfer between the tool and the
workpiece could be ignored. Thus, to save the calcula-
tion accuracy and calculation time, the stir tool geome-
try was simplified.

3.2 Boundary conditions and material properties

Radiation, convection, and heat conduction are the basic
method of heat transfer. For FSW, the main heat transfer
is heat conduction. Therefore, the basic equation of heat
transfer in the temperature field is mainly derived by the
differential equation of heat conduction. FSW heat trans-
fer is a typical three-dimensional transient heat transfer
process due to the thermal properties of its material as a
function of temperature.

For the nonlinear transient heat transfer process, the basic
equation is as follows:
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where is the density (kg/m3), c is the specific heat capacity
(J/kg K), t is the time of the welding, λ is the heat conduction
coefficient (W/m K), and Q is the heat source density (W/kg).

As we know, the heat source of the FSW concludes two
parts, i.e., friction heat and material plastic deformation
heat. According to the literature, friction heat can be divid-
ed into friction heat generated between the shoulder and
the weldment, the pin side surface and the weldment, and
the pin bottom surface and the weldment [29, 30].

The heat generated by the two parts can be written as:

Q ¼ δQ f þ 1−δð ÞQp ð2Þ

where δ is the contact state variable, Qf is the heat generated by
friction, and Qp is the heat generated by plastic deformation.

When δ = 1/0, heat is generated only by friction or
plastic deformation, and the heat is generally generated
by both of them, but friction heat is the main one.
Different mechanisms of heat generation are behind dif-
ferent contact condition, which are described as sliding,
sticking, or partial sliding/sticking [31, 32]. During the
SFSW, different parts of the stir tool and workpiece are
behind different mechanisms. In this study, δ was as-
sumed to be a different value because of the different
ratios of heat generated by friction and plastic deforma-
tion. The heat flux (W/m2) of all the heat generated by
the friction heat and material plastic deformation can be
expressed as:

q ¼ q1 þ q2 þ q3 ð3Þ

Fig. 5 Surface of the friction stir welded joint in different cooling water temperature. a 15 °C. b 30 °C. c 45 °C. d 60 °C. e 75 °C
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where q1 is the heat generated by shoulder and weld-
ment, q2 is the heat generated by pin side surface and

weldment, and q3 is the heat generated by pin bottom
and weldment.

Fig. 6 Typical cross-section and the microstructures in different cooling water temperatures
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The maximum shear stress for yielding was assumed to be:

τb ¼ σsffiffiffi
3

p ð4Þ

where σs is the yield stress of ME20M Mg alloy.
In this case, the heat generated by the shoulder is written as:

Q1 ¼ δ1ω∫
R1

R2
τb � 2πr2dr þ 1−δ1ð Þω∫R1

R2
μP � 2πr2dr

¼ δ1τb þ 1−δ1ð ÞμP½ � � 2
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The heat flux (W/m2) at the shoulder and weldment is

q1 ¼
Q1

π R2
1−R

2
2

� �

¼ δ1τb þ 1−δ1ð ÞμP½ � � 2ω R2
1 þ R2

2 þ R1R2

� �
3 R1 þ R2ð Þ ð6Þ

where δ1 is the contact state variable, assumed to be 0.35; μ is
the coefficient of friction, assumed to be 0.4; P is the plunge
pressure (Pa); and ω is the rotation speed (r/s).

The heat generated by the pin side surface and weldment is
written as:

Q2 ¼ δ2ω∫
H
0 τb � 2πR2

2dhþ 1−δ2ð Þω∫H0 μP1 � 2πR2
2dh

¼ δ1τb þ 1−δ1ð ÞμP1½ �2πωR2
2H ð7Þ

The heat flux (W/m2) at the pin side surface and weldment
is

q2 ¼
Q2

2πR2H
¼ δ2τb þ 1−δ2ð ÞμP1½ �ωR2 ð8Þ

where δ2 is the contact state variable, assumed to be 0.5; H is
the height of the tool pin; and P1 is the measured approach of
the plunge pressure P.

The heat generated by the pin bottom and weldment is
written as:

Q3 ¼ δ3ω∫
R2

0 τb � 2πr2dr þ 1−δ3ð Þω∫R2

0 μP � 2πr2dr

¼ δ1τb þ 1−δ1ð ÞμP½ � � 2
3
πωR3

2 ð9Þ

The heat flux (W/m2) at the pin bottom and weldment is

q3 ¼
Q3

πR2
2

¼ 2ωR2

3
δ3τb þ 1−δ3ð ÞμP½ � ð10Þ

where δ3 is the contact state variable, assumed to be 0.35.
The boundary conditions describe the characteristics of

the heat transfer process at the boundary of the objects
[33–36]. The heat transfer methods include heat conduc-
tion, heat radiation, and heat convection. Heat conduction
is a heat transfer mode that occurs primarily in solids, and
heat convection is primarily a unique way of heat transfer
in liquids and gases. It was assumed that heat radiation is
ignored during the FSW, so only the heat conduction and
heat convection are considered. Calculated total heat flux
using Eqs. 2–10 is applied on the surfaces of the elements,
where the Gauss heat source was employed as shown in

Fig. 7 SEM results of the HAZ and BM in different cooling water temperatures. a 15 °C. b 30 °C. c 45 °C. d 60 °C. e 75 °C. f BM
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Fig. 2. Before the FSW welding, the workpiece tempera-
ture distribution was uniform and equal to the ambient
temperature, taking the cooling water temperature to be
the ambient temperature. The workpiece contacts with the
water and back plate meeting the boundary conditions of
thermal convection. The convective heat transfer coeffi-
cient of the back plate is set to 150 W/(m2 K). For the
top surface near the welding tool, the contact water is in
the boiling state under the effect of elevated temperature,
leading to intense heat transfer between the workpiece and

Fig. 8 SEM and EDS results of the weld nugget in different water temperature. a 15 °C. b 75 °C

Fig. 9 Schematic diagram of the hardness points
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boiling water [37]. Because of the different conditions of
water vaporization, the convective heat transfer coefficient
of the cooling water is set to different parameters, ranging
from 250 to 500 W/(m2 K).

4 Result and discussion

4.1 Heat generation and temperature distribution

The temperature histories were simulated according to the exper-
iments under the same environment during the SFSW in the
different cooling water environment. The experimental results
were also recorded to compare with the simulated results. The
simulated temperature fields and the position of measured points
are shown in Fig. 3. From Fig. 3a, the temperature gradient is
higher in front of the tool than behind. Figure 3b–f illustrates the
partial temperature field of the weld joint. The results showed
that the temperature decreased along the thickness direction from
the top to the bottom of the weldment, which was because the
heat was generated mainly by the friction of the shoulder and the
weldment, and the convection coefficient between the weldment
and the cooling water. With the increase of the cooling water
temperature, the peak temperature of the weld nugget increased
from 368.6 to 405.2 °C, lower than the material solidus temper-
ature of 649 °C, at which temperature, there were no melt

materials. The temperature-time curve comparison between the
numerical results of the HAZ and experimental results is illus-
trated in Fig. 4. Figure 4a–e shows the temperature-time curves
in different water cooling temperature. The solid lines expressed
the numerical results; simulated 1, simulated 2, and simulated 3
were the simulated temperature-time curves of points A, B, and
C of Fig. 3a, respectively. Experiment 1, experiment 2, and ex-
periment 3 in dotted lines exhibited the same points of the exper-
imental results. From the curves, the temperature of the numeri-
cal results and the experimental results showed the same trends
and were closed; the calculated difference of the numerical
values and the experimental values were almost less than 5%,
but there were some large difference at the decline range of the
curves, which may be caused by unstable cooling water temper-
ature. In general, the difference of the curves was approached,
which indicated that the model can nearly accurately predict the
temperature history in the SFSW process. The temperature his-
tory of different K thermocouple points experienced the process
closed to each other. As the cooling water temperature rises, the
peak temperature of the temperature histories increases, which
indicated that the temperature of the cooling water affected the
heat generation of the welding process.

4.2 Macro and microstructure

During the SFSW process, the rotation of the stir tool leads to
severe plastic deformation, and the plastic materials flow from
the advancing side (AS) to the retreating side (RS). Figure 5
illustrates the weld surface of the different conditions.
Because of the axial force of the tool, flash defects formed
when the materials were pushed out. The quantity of the
flashes increases as the cooling water temperature increases.
It was totally attributed to the increased weld temperature that
result to more materials being plasticized and ejected to the
outside [38]. The flashes at the RS were more than that of the
AS, which was because the AS had a higher temperature than
the RS; the metals flowed fluently from the AS to the RS and
then ejected to the outside. The typical cross-section and the
microstructures in different cooling water temperatures are
shown in Fig. 6. There are four regions in an FSW joint, i.e.,
base metal (BM), HAZ, thermo-mechanically affected zone
(TMAZ), and weld nugget (WN). Figure 6a shows the
cross-section of the FSW joint; the four regions were identi-
fied. Figure 6 a1, b1, c1, d1, and e1 is the WN of the joints in
different temperatures of the cooling water, which experi-
enced a strong stirring, high-temperature thermal cycle, and
dynamic recrystallization. In the reason of the small difference
in the peak temperature, the microstructure exhibited a tiny
difference. The grain sizes were much finer than the TMAZ as
shown in Fig. 6 a2, b2, c2, d2, and e2, which underwent the
bending deformation and reversion reactions. With the im-
provement of the weld temperature, the grains grow up, but
the effects were limited. The region that only affected by the

Fig. 10 Microhardness of the weld joint along the center line of thickness
direction

Fig. 11 Dimension of the tensile samples
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thermal cycle was HAZ, which may cause the strength de-
creased, is shown in Fig. 6 a3, b3, c3, d3, and e3. Due to the
effects of the water cooling, the HAZ was not obvious to be
found. Investigations have revealed that the HAZ gets a nar-
row precipitate free zone, along the grain boundary, which
attributes to a lower level of precipitate coarsening under wa-
ter cooling and exert negative effects on the mechanical prop-
erties of the materials [39]. With the increase in the tempera-
ture of the cooling water, the HAZ became more clearly to
distinguish from the BM; the grain sizes increased by the
increase of the cooling water temperature. The BM revealed
recrystallized α + β (Mn) microstructure, fine grains distrib-
uted at coarse grain boundaries, and precipitated phase were
found at the boundary of the grains, are shown in Fig. 6 a4, b4,
c4, d4, and e4.

As we know, the distribution of elements decided the prop-
erties of the materials. Mn, Ce, Zn, and Al act as different
properties improving roles, such as grain refinement,
weldability improvement, twin inhibition, and strength and
hardness improvement [40]. During the friction stir welding,
deformation-induced precipitation considered to be stimulated
by the nucleation of dynamic recrystallized stimulate

precipitates [41]. Figure 7 shows the SEM results of the HAZ
and BM in different cooling environment. In the BM, there
were regions with element enrichment as shown in Fig. 7f. In
the HAZ, the precipitations distributed diffuse and small when
the cooling water temperature was 15 °C. With the increase of
the cooling water temperature, the sizes of the particles increase
as shown in Figure 7b–e. Figure 8 shows the EDS results of the
WN in the cooling water temperature of 15 °C and 75 °C. In
different cooling water temperatures, the WN was heated dif-
ferently, and the precipitation of the microelements decreased
with the increase of the cooling water temperature. Because of
the heat increase, the solid solubility of Mn, Ce, Zn, and Al
increased in the Mg matrix, so that the precipitation of the
elements decreased. According to the Mg-Zn and Mg-Mn
phase diagrams, Mg-Zn compounds experienced a phase tran-
sition with the increase of the Zn elements when the tempera-
ture was above 325 °C; the microstructure transformed from
α(Mg) + β(Mn) to α(Mg) + α(Mn) with the increase of the Mn
elements when the temperature was above 300 °C [42]. α-Mn
particles prefer to act as the heterogeneous nucleation sites of β
rods and helps to promote the growth of β phase [43]. From
Fig. 3, theWN of the different parameters are all above 325 °C,

Table 2 Tensile results of
submerged friction stir welding Cooling water temperature Average tensile strength (MPa) Performance Fracture position

15 °C 166.0, 175.0 (170.5) 71.04% HAZ of AS

30 °C 172.8, 162.7 (167.8) 69.90% HAZ of AS

45 °C 168.4, 164.4 (166.4) 69.33% HAZ of AS

60 °C 163.7, 161.5 (162.6) 67.75% HAZ of AS

75 °C 161.8, 160.1 (161.0) 67.06% HAZ of AS

Fig. 12 SEM of the fracture section in different cooling water temperature. a 15 °C. b 30 °C. c 45 °C. d 60 °C. e 75 °C

Int J Adv Manuf Technol (2019) 105:5203 5215–5212



which means that the materials would partly undergo the Mg-
Zn and Mg-Mn phase transition in the WN.

4.3 Hardness

Microhardness was tested along the midline of the thickness
direction, and the schematic diagram of the hardness points is
shown in Fig. 9. The hardness curves present an inconspicuous
“w”-type as shown in Fig. 9. The hardness of the BM is in the
range of 47.0–48.3 HV0.1. The trough hardness values appear at
the transition area of AS and then rising rapidly to a stable level.
At the RS side, the hardness of the TMAZ slowly decline, and
another trough value appeared. The lowest value 44.4 HV0.1

located at the trough of the highest cooling water temperature
of 75 °C. The highest hardness 56.2 HV0.1 was also the peak
hardness of the cooling water temperature of 15 °C.

The grain size of the weld nugget affected the mechanical
properties of the weld joint [44]. The transformation and flow
of materials are different between the AS and the RS, and the
heating temperature at the AS is higher than that of the RS
[45]. A higher heating temperature resulted in larger grains
and caused the decrease of the hardness, so that the lowest
hardness was not located on the RS but on the AS. The WN
experienced a stirring process and had a grain size that was
finer than that of the base metal. The fine grains resulted in a
high hardness value. The largest grains were found at the HAZ
of the weld joint in the cooling water temperature of 75 °C.
From Fig. 10, there is a decline of hardness value apart from
the lowest hardness. As we know, HAZ is the weakest part of
the joint with the lowest hardness; the rapid decline in hard-
ness meant that the HAZ was small. Also, the hardness curves
of the cooling water temperature of 75 °C showed that there
was a slower decline at the trough position, which means that
the region may be affected by the friction heat and had partial
grain growth.

4.4 Tensile properties

Tensile samples are cut by a wire cutting machine according to
the ASTM E8/E8M standard; the dimensions of the samples
are shown in Fig. 11. The flash defects of the samples were
ground off before the tensile tests. The average value of the
two tensile samples was calculated to be the tensile strength
value under different experimental conditions. The tensile
strength and the fracture positions are shown in Table 2. The
values of the strength present a downward trend as the cooling
water temperature increased, but there was a break at the
cooling water temperature of 15 °C, which presented the
highest value of 170.5 MPa, which was ~ 71.04% of the
BM. The lowest value is 161.0 MPa, ~ 67.06% of the BM
when the cooling water temperature is 75 °C.

Because of the residual stress and dislocation content in the
weld joint, the strength of the joints exhibits downtrend

compared with the raw metal after SFSW, which is generally
proportional to the hardness in the metallic materials [46–48].
The fracture always located in regions with the lowest strength
[49], as the same as the lowest hardness region, located at the
HAZ of the AS, which was because the heat of the AS was
higher than the RS, resulted in coarser grains. In addition, the
grain boundaries between the transition region and the stir
zone caused the fracture in the Mg alloy [50]. During the
SFSW, the joints experienced annealing, and with the increase
of the friction heat and annealing time, residual stress was
partially eliminated. Great grain refinement, dissolution, and
dispersion of eutectic networks and strong basal texture
caused by FSW were also the effects of the tensile strength
[51]. Generally, as the heat input decrease, the dynamic re-
crystallized grain size decreased, and the volume fraction of
dispersed particles increased. The grain size grew larger, and
the precipitations decreased with the decrease of cooling water
temperature, which reduced the dispersion strengthening and
fine-grain strengthening.

Figure 12 shows the SEM test result of the fracture section.
All of the fractures present a mixture of cleavage fracture and
ductile fracture. Fracture appearance of the tensile specimens
has a large number of uniformly distributed dimples. As the
cooling water temperature increases, the cleavage surfaces
increase, and the dimples decrease. Besides, the dimples were
finer and more homogeneous than the other samples when the
cooling water temperature is 45 °C, which resulted in higher
strength value. Cleavage fractures due to the stress concentra-
tion and ruptures at the grain boundary have many cleavage
planes with low crystal surface index.

5 Conclusion

In this work, the ME20M magnesium alloy is friction stir–
welded underwater with the cooling water temperature
changed from 15 to 75 °C in the 15 °C spacing; the thermal
histories were simulated and compared with the experimental
results. The effects of SFSW on macrostructure, microstruc-
ture, hardness, and tensile properties of ME20M magnesium
alloy were investigated.

The main conclusions were as follows:

1. ME20M magnesium alloys were joined by friction stir
welding under different cooling water temperatures. The
temperature fields were simulated by the ANSYS soft-
ware in the same parameters. The numerical results
showed that the simulated method can accurately predict
the temperature history in the SFSW process.

2. Flash defects can be found when the cooling water tem-
perature was much higher, and with the increase of the
temperature, the quantity of the flashes increase. The grain
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size and the precipitation size increase when the cooling
water temperature increase.

3. The microhardness of the welded joint presents a slight
“w”-type along the middle line of the thickness. The
highest value of the hardness was 56.2 HV0.1 at the 15
°C cooling water temperature. The lowest hardness 44.4
HV0.1 occurs at the HAZ of the advancing side at the
highest cooling water temperature.

4. With the increase of the cooling water temperature, the
strength of the welded joint decrease. The tensile strength
of the welded joint was 170.5 MPa at the cooling water
temperature of 15 °C, which was ~ 71.04% of the base
metal. When the cooling water temperature is 45 °C, the
fracture surface had the finer and more homogeneous
dimples than the other samples.
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