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Abstract: As an important factor in friction stir welding (FSW) process, temperature directly affects the
microstructures and mechanical properties of welded joints. The present work aims to investigate the
welding temperature and joint characteristics of AZ31 magnesium alloy under three FSW conditions:
conventional friction stir welding (FSW), ultrasonic assisted friction stir welding (UaFSW), and
ultrasonic and heat pipe assisted friction stir welding (UHaFSW), respectively. The results show that
the welding temperature distributions and the characteristic of “non-uniformity” are presented in the
FSW and UaFSW joints along the welding and horizontal directions. Compared with conventional
FSW, UaFSW can effectively balance and improve the non-uniform temperature distribution in
the joints, resulting in the significant decreases in the peak temperatures and durations of high
temperature. Hence, the grains are refined in the microstructure of the nugget zone in the UHaFSW
joints, which enhances their microhardness and tensile properties. Based on these results, it can be
concluded that UHaFSW could be an effective method to improve the mechanical properties of AZ31
magnesium alloy welded joints.

Keywords: friction stir welding; magnesium alloy; temperature; heat pipe; microstructure; mechani-
cal property

1. Introduction

Friction stir welding (FSW) is a refreshing solid-state joining process, which was
invented and developed by The Welding Institute (TWI) of United Kingdom in 1991 and
obtained worldwide patents protection [1]. In comparison to other traditional welding
technologies, FSW has the advantages of low cost, no pollution, little deformation of base
materials after welding, high efficiency and so on, which can weld magnesium (Mg) and
aluminum (Al) alloys without melting. Hence, it can eliminate some problems related to
the solidification. As such, FSW gradually become one of the most popular technologies
in the welding of Mg and Al alloys and is widely used in aerospace manufacturing, ship
manufacturing, rail transportation and artificial intelligence industry [2-5].

Generally, FSW is an extremely complex “coupled thermal-force” process, which
involves a complex phenomenon related to severe plastic deformation, material movement,
thermal softening, and heat transfer during the FSW process [6-9]. As a critical factor, the
temperature directly affects the materials flow and the formation of joints, which in turn
is closely related to the quality of the joints. A few specific works were carried out on the
FSW-induced temperature field and indicated that the decrease in the welding temperature
leaded to the better mechanical properties. Xu et al. [10] conducted rapid-cooling FSW
to join AZ31B Mg alloy plates of 6 mm under liquid CO; cooling and found ultrafine
grains with high dislocation density were obtained in the weld which resulted in higher
strength and elongation compared with the conventional friction stir welded (FSWed)
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joints. Mehta et al. [11] respectively conducted conventional and cooling assisted FSW
on the join of Mg-Al dissimilar alloy and also found that medium cooling enhanced the
tensile strength of the FSWed dissimilar joints. Chowdhury et al. [12] pointed out that the
welding temperature strongly influences the microstructure of welded joint; lower heat
input leads to the higher strength and ductility due to the refined grains in the nugget
zone of welded joint. Silva et al. [13] reported a kind of in-process cooling method using
compress air, liquid nitrogen, and water during the FSW process and found in-process
cooling with water was a more effective choice in processing AA7039 alloy; in-process
cooling changed the fracture location from heat affected zone to nugget zone. However,
other works also showed that too low heat input during FSW would lead to the lack of
materials flow and formation in tunnel defect which decreased the mechanical properties
of welded joints [14,15]. Hence, the control of the temperature or heat distribution during
the FSW process is critical to obtain high-quality welded joints.

Recently, some researchers reported that using ultrasonic vibration as assisted auxiliary
energy could decrease the heat generation, improve the materials flow, eliminate the tunnel
defect and refine the welded microstructures in the nugget zone of similar and dissimilar
Al alloy joints during the FSW process, which increased their mechanical properties [16-18].
Furthermore, Shi et al. [19] reported that the ultrasonic vibration reduced the contact
shear stress at the tool-workpiece interface, which lead to relatively lower heat generation
rate and improvement in material flow around the stirring tool during the FSW process.
Liu et al. [20] joined the AZ31B Mg and 6061-T6 Al alloys by ultrasonic-assisted FSW at
low temperature and obtained a smooth Al/Mg joint with potential tensile strength and
elongation which reached 134 MPa and 1.5%, respectively. However, Zhong et al. [21]
conducted ultrasonic-assisted FSW on an AA2024-T3 alloy and found the thermal effect of
ultrasonic vibration on the peak temperature was negligible based on the measurement
of thermal cycle curves. Thus, to summarize the studies mentioned above, ultrasonic
vibration is still insufficient in the control of welding temperature.

In the FSW process, heat is generated by friction between the tool and the workpiece.
During a complete FSW process, both recovery and recrystallization phenomena take place
simultaneously [22]. With the increase of the welding distance, the heat accumulates contin-
uously. The heat that does not dissipate in time results in local overheating, which leads to
grain-coarsening in the weld [2,5,7]. In order to restrain grain coarsening, heat generation
should be reduced by cooling. A heat pipe is a very effective device for transferring heat at
high rates over considerable distances with the advantages of extremely small tempera-
ture drop, exceptional flexibility, simple construction, and easy control with no external
pumping power [23]. As a highly-effective heat transfer element, heat pipes have been
gradually applied and play an important role in almost all industrial fields [24,25]. Faghri
and Guo [26] integrated two kinds of heat pipes into fuel cells and found all heat pipes im-
proved thermal control effectively in the fuel cell stack. Antariksawan et al. [27] conducted
the straight heat pipe (SHP) in a water cooling tank (WCT) and found that the given SHP
could transfer the heat from the WCT to a heat sink and prevent a continuous increase
in the temperature of WCT. Furthermore, using a heat pipe to control the temperature in
the FSW process was studied by Lu et al. [28,29], where the heat pipe decreased the peak
temperature during the FSW process and promoted the tensile property of welded AZ31
Mg alloy joints. Due to the highly-effective heat dissipation of the heat pipe, the excessive
heat can be effectively taken away, which leads to better uniformity of the temperature
field along the whole weld. Hence, on the basis of ultrasonic assisted FSW, the application
of heat pipe may enhance the temperature control during the welding process, which is
suggested to play a positive role in the quality of welding joints.

Up to date, most works with respect to the temperature field during the FSW process
focus on Al-based alloys. There are few investigations on the temperature distribution
of Mg alloys during the FSW process, especially on the temperature control of Mg alloy
joints. In this work, AZ31 Mg alloy plates were used as experimental materials and
welded by FSW. The welding thermal cycle curves of AZ31 Mg alloy were measured by
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means of embedding thermocouples in welded workpieces under three FSW conditions:
conventional FSW (FSW), ultrasonic assisted FSW (UaFSW), and ultrasonic and heat pipe
coordinately assisted FSW (UHaFSW), respectively. The welding temperatures were deeply
investigated and their influences on the microstructures, hardness, tensile properties and
fracture morphologies of the joints were further discussed.

2. Materials and Methods
2.1. Materials

Rolled AZ31 Mg alloy was selected as FSW material with the workpiece’s size of
200% x 85W x 4T mm. Its composition is listed in Table 1.

Table 1. Chemical compositions (wt. %) of AZ31 Mg alloy.

Al Si Ca Zn Mn Fe Cu Ni Mg
3.240 0.024 0.002 1.140 0.313 0.008 0.001 0.002 Bal.

FSW was conducted using a friction stir welding machine as shown in Figure 1.
The machine (FSW-3LM-002) consisted of gantry type computer numerical control (CNC)
architecture, spindle motor, moving table, and human-machine interactive (HMI) control
interface (Figure 1a). In this work, the AZ31 workpieces were placed and welded on
the working table (Figure 1b) with the stirring tool, which was made of H13 steel, with
a concave shoulder 16 mm in diameter and a threaded tapered pin 3 mm in diameter
and 3.85 mm in length (Figure 1c). Besides, the ultrasonic vibration system (consisted of
ultrasonic generator and ultrasonic oscillator) and the flat heat pipe system were used in
the FSW experiments. The self-designed temperature measuring pads, paperless recorders
(Yokogawa Electric Corporation, Guangzhou, China), and armored thermocouples (TC)
were used to record the thermal cycle curves.

2.2. Methods

Before FSW, the welding and butt surface of AZ31 Mg alloy workpieces were ground
and polished to remove the oxides and contaminations. All the workpieces were designed
to measure the thermal cycle curves by embedding thermocouples at different locations
along the welding direction under three FSW conditions, respectively. The measuring parts
of the thermocouples were plunged from the bottom plate into the workpieces to make
close contact with each other. In order to get the thermal cycle curves as close to the welding
center as possible, and avoid the thermocouples from moving during welding, the distance
between the thermocouples and weld center was designed to be 3 mm, and the depth
inserted into the workpiece by each thermocouple was 2 mm, as well as the width. The
distribution of feature points (point 1 to point 7) for measuring the thermal cycle curves and
the setting position of the thermocouples in cross section of the workpieces are illustrated
in Figure 2b,c. Like the other FSW process, the workpieces were fixed on the work table of
the machine and the rotating stirring tool was inserted into the joint and welded along the
pre-designed route [11]. During the UaFSW process, the ultrasonic tool was placed toward
the weld 50 mm behind the starting location of stirring tool and moved with the stirring tool.
The angle between the ultrasonic tool and the horizontal plane was 30°. The model of the
ultrasonic generator was T JS-3000 V6.0, the power was 500 W, the frequency was 20 KHz,
the power input was A220-250 V 5 A, and the working environment was 0 °C—40 °C. For
the condition of UHaFSW, flat heat pipes (made of pure copper) were placed parallel on
the upper surface of the workpiece along the welding direction associated with ultrasonic
assistance, as shown in Figure 2a. The distance between the two heat pipes was 24 mm,
which was slightly wider than the FSW shoulder (16 mm) to avoid contact with each other.
In addition, to ensure a good contact between the heat pipe and the workpiece, a layer of
heat-conducting silicone grease was manually coated on the lower surface of each heat
pipes. In UHaFSW process, ambient temperature water of about 20 °C was applied to the
cooling tank by the water supply system at the beginning, aiming to start welding and
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heat dissipation by heat pipes at the same time, and the level of circulating water in the
cooling tank basically kept in a steady state by manually adjusting the flow of the water
supply system during the whole welding process. Joining was processed at the optimized
parameters by our research group as listed in Table 2 to avoid conventional welding defects
such as tunnel formation, cavities, and cracks in the welding zone.

(a)

Spindle
_amqtor

16mm

3.8mm

Material: H13 steel

Figure 1. FSW equipment and stirring tool used in this work: (a) welding machine, (b) working table
and (c) schematic illustration of stirring tool.

Table 2. Welding parameters for AZ31 Mg alloy workpiece.

Parameters Values
Rotational Speed 1500 rpm
Welding Velocity 50 mm/min

Pin Length 3.85 mm

Shoulder Diameter 16 mm
Pin Diameter 3 mm

Tilt Angle 2.5°




Metals 2022, 12, 267

50f19

(a) /:\,j:\ Stirring tool

Ultrasonic tool
Cooling tank

Rotation
, direction

Ultrasonic
generator =—— (I A )

AS

Heat pipe

Welding direction

Pu/l'np
Water supply
e
|
(b) (© T
Shoulder ;
The ultrasonic region . | | 2 Unit: mm
l 128 ; ﬁ,:' T iy Workpiece
RS1 RS7’ I 1
[¢] E 1 ‘
50 2 gl Bottom plate |
AS1 v/ AS7 N \
1 20 Feature point >/ l |
- | RS Tc| [rc AS,
Distance from the
ultrasonic to stirring tool WD ND
Unit: mm Paperless LA |
200 recorders WD

Figure 2. The schematic diagrams of welding and temperature measurement design: (a) ultrasonic
and heat pipe assisted FSW process, (b) distribution of feature points for thermal cycle curve measure-
ment and the location of the ultrasonic tool (where RD is the rolling direction of AZ31 Mg alloy sheet
and WD is the welding direction of the joint), and (c) the section of thermal cycle curve measurement
(where ND is the normal direction). AS and RS indicate advancing side and retreating side.

After joining, the welded workpieces were cut into small specimens in the middle
region of welded joints. The cross sections of these specimens were then metallographically
ground with different graded SiC papers followed by polishing using diamond paste. The
polished specimens were etched by a mixed solution comprising 5.0 mL nitric acid, 2.0 g
oxalic acid, and 100 mL distilled water, and then rinsed by ethanol. The average grain
size in the nugget zone were measured by the mean liner intercept method according
to the ASTM E112-13 [30]. The cross-sectional macrostructures and microstructures of
etched specimens were observed by ultra-depth 3D microscope (VHX-900, Keyence Osaka,
Japan) and Zeiss metallographic optical microscope (ZeissAxioskop2-MAT, Oberkohen,
Germany). Microhardness measurements were carried out by Vickers indentation method
(KB-30S, Hochdorf-Assenheim, Germany) across the cross section of welded joints by
applying 200 g load for 20 s on three parallel samples obtained from advancing side across
the joint to retreating side, which included four different zones of base metal (BM), heat
affected zone (HAZ), thermo-mechanically affected zone (TMAZ), and nugget zone (NZ).
The distance between points and parallel lines were 0.5 mm and 1.0 mm, respectively.
Besides, the distance from the top or bottom surface to the corresponding point was also
1.0 mm (as illustrated in Figure 3a). Five standard tensile specimens of BM and welded
joint (as illustrated in Figure 3b) under three FSW conditions were conducted for uniaxial
tensile test to determine the average tensile properties at a constant displacement rate
of 2.0 mm/min by a universal testing machine (CMT5205, Mechatronic Control Systems,
Shanghai, China). Tensile tests were carried out perpendicular to the welding direction
(WD) at room temperature. The specimens were prepared according to the GB/T 16865-
2013 standard (as illustrated in Figure 3c). After tensile test, the fracture morphologies of the
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specimens were examined by SEM (Shimadzu, JSM-6480, Kyoto, Japan) for investigating
the fracture modes.

AS -
(a) Goe
ND
Lo BM | 7
The bottom surface 7z 1 o
A, Q
X
(c) i
o/ WD
L 40 = |
£ 160 ¥ Unit: mm Unit: m?r?
170

Figure 3. Illustration of (a) the selection of the points for hardness test across the whole welded joint for
micro-hardness test, (b) the selection of tensile specimens, and (c) the dimension of tensile specimens.

3. Results and Discussion
3.1. Thermal Cycle Curve and Temperature Distribution
3.1.1. Thermal Cycle Curve with Dual Peaks Phenomenon

Figure 4 shows the thermal cycle curves of feature points on both advancing side (AS)
and retreating side (RS) under FSW, UaFSW, and UHaFSW conditions in the initial stage
(including points 1 and 2), middle stage (including points 3, 4, and 5) and finishing stage
(including points 6 and 7). As seen from Figure 4, the trends of each thermal cycle curve
in three welding conditions are basically similar, including the “heating up-reaching the
peak—cooling down” process. Along the welding direction, the initial stage goes through
the whole “heating up-reaching the peak—cooling down” process earlier than the middle
stage and finishing stage. Such a finding indicates that the temperature change in each
feature point was not synchronous and the temperature distribution of all samples were
“non-uniform” along the welding direction. It can be understood that the stirring tool
was inserted into the workpiece with a high rotational speed at the beginning and heat
was generated by the friction between the stirring tool and the workpiece. Therefore,
the temperatures of the feature points (AS1, RS1, AS2, and RS2) increased at the initial
stage. However, because of the cooling and heat dissipation, the heat generation had little
influence on feature points far away from the friction location. During the FSW process, the
stirring tool, as a mobile heat source, continuously heated the feature points surrounded.
As this heat source approached, the temperatures of the feature points in front of the stirring
tool started to rise. The closer to the tool, the faster the temperature rose. On the contrary,
the temperatures of the feature points behind the stirring tool started to decline because
of the increased distance to the stirring tool. Such a situation caused the nonsynchronous
change in the temperatures of feature points at different locations. Besides, almost all of
the peak temperatures of feature point 7 went down except the two feature points on the
retreating side at the finishing stage under FSW and UaFSW conditions (Figure 4b,d). This
could be because the decline and termination of heat generation result in the decrease in
the peak temperature on the advancing side at the finishing stage during the pulling out
process of the stirring tool. However, due to the materials flow, the heat is carried from the
advancing side to retreating side by stirring tool, which leads to the increase in the peak
temperature of feature point 7 on the retreating side. With the application of the heat pipe,
the peak temperature of feature point 7 decreases on the retreating side under the UHaFSW
condition, which is attributed to the efficient heat transfer of heat pipe.
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Figure 4. Thermal cycle curves of feature points of advancing side (AS) and retreating side (RS):
(a) AS under the FSW condition, (b) RS under the FSW condition, (c¢) AS under the UaFSW condition,
(d) RS under the UaFSW condition, (e) AS under the UHaFSW condition, and (f) RS under the
UHaFSW condition.

Due to the application of ultrasonic and heat pipe, the peak temperature of each feature
point during the UaFSW and UHaFSW process is generally lower than the corresponding
one during the FSW process; the maximum peak temperature exceeds 400 °C during the
FSW process while it reaches 350 °C and 300 °C in UaFSW and in UHaFSW, respectively
(indicated by arrows in Figure 4). It specifies that the assistance of the ultrasonic and heat
pipe can effectively reduce the heat generation and heat accumulation during the FSW
process and therefore the peak temperature at each feature point decreases. Due to the
vibration effect, thermal effect, and volume effect during ultrasonic transmission, the yield
strength and rheological stress of the base metal decrease during the FSW process, leading to
the localized softening and the facilitation of materials flow and plastic deformation [17,31].
On the other hand, according to the related studies [18,19], ultrasonic reduces the friction
between the tool and the workpiece, which leads to a reduction in the heat generation.
Hence, the maximum peak temperature declines in the UaFSW process. Moreover, due
to the highly efficient heat transfer of heat pipe, a large amount of waste heat generated
by FSW is quickly transferred away. The effective reduction in the heat accumulation of
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the welded joints leads to a further decline in the peak temperature during the UHaFSW
process. Meanwhile, it is also found that the overall peak temperatures are more uniform
during the UHaFSW process due to the heat transfer effect of heat pipe. The maximum
temperature difference between the feature points is 143.7 °C in UHaFSW, which is lower
than those in FSW (234.9 °C) and in UaFSW (170.6 °C). In this case, the heat pipe can take
away a large amount of waste heat during the welding process, which leads to the decrease
and uniformity in the peak temperatures, thereby balancing the temperature distributions
along the welding direction.

As shown in Figure 4, two peaks are obviously found in the curves of both AS1 and
RS1 under three conditions. This phenomenon is named “dual peaks phenomenon” in
this work. It is related to the heat generation and transmission due to the insertion of
the stirring tool in the initial stage [32]. At the very beginning of the initial stage, the
workpiece was placed in a room temperature environment and the inserted stirring tool
quickly generated heat so that the first peak temperature was presented. However, the
bottom of the workpiece and the table were still at lower temperatures. Heat was generated
and dissipated simultaneously, which led to the decline of first peak temperature. When
the stirring tool began to move along the welding direction, the tool pin stirred the material,
which led to the heat generation and plastic deformation. Hence, the friction heat and
deformation heat accumulated quickly at the very beginning, resulting in the second peak.
Afterwards, the tool was far away the starting location and the temperature declinesd.
Figure 5 shows the dual-peaks curves of both advancing side and retreating side under
three conditions. Compared with FSW and UaFSW conditions, the welding temperature at
the trough of curves on the advancing side and retreating side are only 75 °C and 80 °C,
respectively, under UHaFSW (as indicated by red arrows), which is the lowest in three
conditions (as indicated by green arrows). Due to the good heat dissipation effect of heat
pipes, the heat generated by the friction between the stirring tool and the workpiece was
quickly taken away, which led to a significant decline of the temperature at the trough.
Furthermore, in the Ref. [33], it is observed that as the initial preheating temperature of
workpieces increases, the yield strength decreases and as a result less forming force is
required for deformation during FSW process and consequently less friction stress and
heat were generated. Hence, although the effective heat dissipation of heat pipe leads to
the reduce in the initial temperature of the workpiece, the thermal cycle curves at the initial
stage still has the “double peaks phenomenon” in UHaFSW process due to the increase in
the heat production.

300 300
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Figure 5. Dual-peaks curves under three welding processes: (a) advancing side (AS), (b) retreating
side (RS).

3.1.2. Non-Uniform Temperature Distribution

Figure 6 reveals the distribution in the peak temperatures of feature points (#1 to
#7) along welding direction on both AS and RS of joint in conventional FSW process and
differences in the average peak temperatures of all feature points between two sides under
three FSW conditions. Generally, the differences in the welding peak temperatures exist
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between AS and RS, which exhibits the “going up-reaching the peak-going down” process,
as shown in Figure 6a. The maximum difference of the peak temperature between AS and
RS is presented at the feature point 4, which is over 80 °C (indicated by the blue arrow in
Figure 6a). It can be seen that there is a certain temperature difference between two sides of
the joint, which leads to the nonuniformity in the welding temperature along the horizontal
direction. According to the Refs. [2,5,34], FSW is an intrinsically asymmetric process due to
the combined effects of the stirring tool movement and rotation, resulting in asymmetric
distributions in the temperature and deformation rate. Commonly, considering the relative
movement of the workpiece with respect to the tool rotation, the materials on the AS
experience more severe shear deformation than that on the RS. Therefore, the difference
in the effective deformation rate between AS and RS leads to the different temperature
distributions. Furthermore, due to the more heat generation at the middle stage during FSW
process, the temperature difference between the two sides of welded joint tends to be more
obvious. Figure 6b shows the average differences of overall peak temperatures between AS
and RS. Obviously, compared with FSW, although the application of ultrasonic vibration
decreases the peak temperature of the weld to a certain extent (Figure 4), the non-uniform
temperature distribution is not improved along the horizontal direction. In UHaFSW,
the non-uniform temperature distribution is obviously improved due to the enhanced
heat dissipation and temperature control of the heat pipe. In addition, the temperature of
the stirring tool also influences the temperature distribution in the workpiece. A stirring
tool with higher thermal conductivity facilitates more effective heat dissipation, which
promotes the reduction in the temperature in the nearby locations [7,34]. Therefore, the FSW
system with higher thermal conductivity is prone to improve the non-uniform temperature
distribution along the horizontal direction.

550 ( ) AS 50
a A (b)
| —e—RS 45
500 Middle 40.5 40.4
stage #1 40F
S 450 %)
g #6 35
o #5 e
5 400 Initial 379.8 °C e 30}
E stage = |
2 3s0f g a3 21.7
E g 20f
= 300 o e = 15h
299.6 °C Finishing =
wol 41 2 stage wl
¥k
200
1 1 1 1 1 1 1 0
0 20 40 60 80 100 120 FSW UaFSW UHaFSW
Distance of feature points along welding direction (mm) Welding conditions

Figure 6. Comparison of peak temperatures of feature points (#1 to #7) on both sides under conven-
tional FSW condition and average peak temperature differences under three FSW conditions: (a) peak
temperatures on both sides of the joint along welding direction under conventional FSW condition,
(b) average peak temperature differences between advancing side and retreating side under three
FSW conditions.

3.1.3. Duration and Effect of High Temperature

As it is well known that heat is generated by the friction between the stirring tool
and workpiece and via plastic deformation during the FSW process, a fraction of plastic
deformation energy is stored in the thermos-mechanically deformed region in the form
of increased defect densities [8,35]. Besides, during severe deformation, the recovery and
recrystallization often take place simultaneously in the materials [22,36]. According to a
previous study [37], the dynamic recrystallization temperature of Mg alloy is about 200 °C.
Therefore, the retaining time over 200 °C is defined as “the duration of high temperature”,
which is considered as a period for the nucleation and growth of recrystallized grains in
the experimental materials. Generally, the recrystallized grains would coarsen due to the
higher welding temperature or longer duration of high temperature, which leads to the
decline in the mechanical strength of joints.
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Calculating from the thermal cycle curves, the durations of high temperature for the
selected feature points (AS2 to AS7) under three FSW conditions are shown in Figure 7.
Figure 7a shows the definition of the duration of high temperature. In Figure 7b, it is
found that the duration of high temperature firstly increases and then decreases for AS2
to AS7 under three FSW conditions, which is consistent with the variation in the peak
temperatures of welding thermal cycle curves analyzed above (Figure 4). During the FSW
process, the duration of high temperature is significantly longer than those in the UaFSW
and UHaFSW process. Meanwhile, the difference in the duration of high temperature
between AS2 and AS6 is the largest in FSW. For instance, the duration of high temperature
for AS6 is about 51 s longer than that for AS2 in FSW. In comparison, such differences in
UaFSW and UHaFSW are 31 s and 23 s, respectively. Due to the increase in the duration
of high temperature, more energy is provided for the recrystallization of the deformed
materials, which leads to the grain coarsening of welded joints and extension in the heat
affected zone [38]. In UHaFSW, the duration of high temperature is significantly reduced
in whole welding process. For example, the durations of the feature points AS3, AS4, AS5,
and AS6 in UHaFSW are shortened by 1s,1s,9s, and 15 s, respectively, as compared to
those in UaFSW. The shortening in the duration of high temperature substantially inhibits
the grains coarsening of welded joints.
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Figure 7. Duration of high temperature: (a) calculated schematic, (b) durations of high temperature
at each feature point under three conditions.

3.2. Microstructure

Figure 8 is the optical images at the cross section of AZ31 joints in the middle stage
of the welded workpiece under three FSW conditions. The region enclosed by red lines
is the nugget zone. It is found that the profiles of nugget zones of three welded joints are
similar to a typical “shallow funnel”, which is wide at the top and narrow at the bottom.
Obviously, due to the rotation and friction of tool shoulder, the materials at the top of the
workpiece flow sufficiently and experience severe plastic deformation, which leads to the
formation of wider region after the FSW process. In contrast, the material at the bottom is
merely rotated by the tool pin with moderate plastic deformation, which results in a narrow
region. After measuring the width of the nugget zone at the top, middle, and bottom,
respectively, it can be seen that compared with the FSW process, the width of the whole
nugget zone obviously expands under UaFSW since the ultrasonic vibration leads to the
materials softening and thereby the increase in the plastic deformation (Figure 8b) [18]. In
Figure 8a,c, probably due to the fast heat dissipation at the workpiece’s surface, the width
at the top of the nugget zone is narrower in UHaFSW than that in FSW, while it is opposite
at the middle-bottom of the nugget zone probably due to the ultrasonic effect. Besides, it
is quite interesting to carefully focus on the regions framed by the white dotted lines in
three welded joints as shown in Figure 8 (indicated by logo I, II, and III), which actually
represent the transition regions under the common influence of the stirring shoulder and
the pin. In FSWed joint, a distinct corner towards to the NZ can be observed on the RS but
not on the AS (Figure 8a) due to the asymmetrical “coupled thermal-force” process which
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causes asymmetrical plastic deformation [6]. However, this phenomenon is not evident
significantly in UaFSWed and UHaFSWed joints (Figure 8b,c), which again indicates the
influence by ultrasonic vibration and heat pipes.

Figure 8. Optical images of FSWed AZ31 joints at the cross section under three conditions: (a) FSW,
(b) UaFSW, and (c¢) UHaFSW.

Figure 9 shows the microstructure of base metal and the microstructures of the samples
collected at the nugget zone under three FSW conditions. As seen in Figure 9b, the initial mi-
crostructure of rolled AZ31 Mg alloy used in this work consists of deformed and somewhat
elongated grains with various sizes, which are coarsening, non-uniform, and discontinuous.
However, after welding process, the refined grains could be clearly found in the nugget
zone where the grains are more uniform (Figure 9c—e). The average grain sizes are 13.8 pum,
9.3 um, and 9.1 um, respectively, under three FSW conditions. Generally, FSW with the
optimized parameters leads to the grain refinement in the nugget zone due to the severe
plastic deformation and dynamic recrystallization [39-41]. However, it is reported that the
small recrystallized grains in the nugget zone contain the high density of sub-boundaries,
sub-grains, and dislocations [42,43]. Metallic material with such a microstructure often
exhibits improved strength and hardness [44,45]. Likewise, the continuously generated
heat leads to the increase in welding temperature during the FSW process. Above 200 °C,
the recrystallization of AZ31 Mg alloy would take place. According to the Ref. [10], the
higher temperature leads to the easier dynamic recrystallization; nevertheless, the ability
of grain boundary migration increases, which results in grain coarsening. Furthermore,
the cooling rate after deformation plays an important role on the microstructure as well, it
is easier to obtain fine grains with higher cooling rate. As mentioned above, the efficient
heat dissipation of heat pipe leads to the decrease in peak temperature and the increase
in cooling rate. Due to the obvious decrease in peak temperature and the duration of
high temperature, the grain coarsening is effectively inhibited in the UHaFSW process,
which results in the refined equiaxial grains in the nugget zone (Figure 9¢). On the other
hand, ultrasonic vibration effectively breaks downs the coarsened grains into refined grains
during the welding process.

Figure 10 shows the optical images of the interfaces between the NZ and the TMAZ
of AS and RS under three FSW conditions (indicated by red dotted lines, and the chosen
regions as shown in Figure 9a). It is obvious that the interface of the UHaFSW joint
(Figure 10e,f) is smoother than those of other welded joints. Especially on RS, a visible
bulge structure is formed and found under FSW condition (Figure 10b). Furthermore,
under UaFSW and UHaFSW conditions, the interfaces between the NZ and the TMAZ on
both sides are more symmetrical than that of FSW condition. Meanwhile, the interfaces
on AS were almost perpendicular to the horizontal direction (HD) in the UaFSW and
UHaFSW joints (Figure 10c,e); however, the angle between the interface and the horizontal
direction is just around 50.1° on AS under the FSW condition (Figure 10a), which is very
close to the shear fracture angle of normal tensile specimens [42]. Generally, FSW is an
asymmetric process in the temperature and force. On one hand, the intensity of materials
flow and mixture on RS is higher than that of AS, on the other hand, the difference in the
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welding temperatures exists between AS and RS, these phenomena result in the asymmetric
interfaces between the NZ and the TMAZ on both sides, which leads to the defects tend to
occur at the region between the NZ and the TMAZ [7,38]. Under the UaFSW and UHaFSW
conditions, the improvement in the asymmetric interfaces on both sides is prone to the
decrease in the occurrence of defects between the NZ and the TMAZ. Meanwhile, due
to the decrease in the heat input, the reduction in the regions suffers the heat and severe
deformation, leading to the almost perpendicular interfaces to the horizontal direction in
UHaFSW process. The smoother, more symmetrical and more vertical interface indicates
that the better materials flow and the heat transmission are probably obtained by the
synergetic application of ultrasonic and heat pipe.

Figure 9. Optical images at different conditions: (a) the schematic diagram of the microstructures
selection for analysis in the middle region of welded joints (where 1 is the microstructure in NZ, 2
and 3 are the interfaces between the NZ and the TMAZ), (b)AZ31 base microstructure, nugget zone
microstructures under the conditions of (c¢) FSW, (d) UaFSW, and (e) UHaFSW.

Figure 10. Optical micrographs of the interfaces between the NZ and the TMAZ of advancing
side (AS) and retreating side (RS) chosen in the middle region of welded joints: (a) AS under
FSW condition, (b) RS under FSW condition, (c¢) AS under UaFSW condition, (d) RS under UaFSW
condition, (e) AS under UHaFSW condition, and (f) RS under UHaFSW condition.
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3.3. Microhardness

Figure 11 shows the microhardness profiles along three lines across the welded joints
chosen at the middle stage during the welding processes and their quantile distribution
under three FSW conditions. Compared with the base metal, the hardness across the whole
welded joints declined under the FSW condition, the hardness distribution profile across
the whole welded joint presents a “W” pattern, and the lowest hardness positions are
presented between TMAZ and NZ (Figure 11a), which is consistent with outcomes in the
Refs. [12,29,46]. Generally, the deformed metallic materials undergo the static recovery,
recrystallization (T > 0.5 T, T is the melting point) and other softening processes during
annealing or heating, which results in a decrease in hardness [6,36]. Besides, temperature
plays a very important role in the softening process, the higher the temperature, the faster
the occurrence of recovery and recrystallization. As mentioned above, rolled AZ31 Mg
alloy was selected as an FSW material in this work. Hence, affected by the generated heat
during FSW process, a static recovery occurs in the HAZ of the FSWed joint [22]. However,
due to the short duration of high temperature (as shown in Figure 7), the process of the
static recovery is quite insufficient, resulting in the slight decrease in hardness across the
whole HAZ. Likewise, varying degrees of dynamic recovery and recrystallization occur
in the TMAZ and NZ due to the simultaneous deformation and high temperature under
the FSW process. The occurrence of dynamic recovery and recrystallization reduces the
dislocation density and stored energy in metallic materials, which leads to the decreases
in the strength and hardness of metals and alloys but increase in their plasticity [37,47].
However, dynamic recrystallization in the NZ results in the grain refinement in turn, which
increase the hardness of softened materials to some extent. Such a process presents the
special “W” pattern of the hardness distribution profile across the whole welded joint of
AZ31 Mg alloy.
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Figure 11. Microhardness obtained by measuring across the welded joints at the middle stage during
welding processes as well as their quantile distribution: (a) FSW, (b) UaFSW, (c) UHaFSW, and
(d) quantile distribution.
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Interestingly, with the application of ultrasonic and heat pipe, concentrated micro-
hardness values indicate the better uniformity of the welded joints. Especially under the
UHaFSW condition, the original “W” pattern of the hardness distribution profile is almost
absent (Figure 11c). Furthermore, compared with other FSW conditions, the overall average
microhardness of joint produced by UHaFSW increases about 5.2% and 2.5%, respectively
(Figure 11d). It specifies that grain refinement plays a significant role in strengthening of
AZ31 Mg alloy joint and the grains tend to be finer when the heat input is limited during
the welding process [6]. Under the UHaFSW condition, due to the effective heat transfer
and dissipation by heat pipe, the obvious decrease in the peak temperature and duration
of high temperature leads to the minimum heat input. As described in the Ref. [12], the
hardness of NZ in the weld is mainly associated with the heat input during FSW and the
ensuing change in the grain size; the microstructure with a smaller grain size would have a
higher hardness or strength. In UHaFSW process, the lowest peak temperature corresponds
to the lowest heat input, resulting in the smallest grain size in the NZ that culminates to a
higher hardness distribution in the weld. Hence, the lower heat input restrains the grains’
coarsening, resulting in the increase in hardness.

3.4. Tensile Properties and Fractographies

The tensile properties of the BM and the welded AZ31 Mg alloy joints under three
FSW conditions are given in Figure 12. It is observed that both the average tensile strength
and elongation of welded joints decreased under three FSW conditions. The tensile strength
and elongation of the BM in the rolling direction are about 262.0 MPa and 6.5%, respectively.
However, the tensile strength and elongation of the conventional FSW-produced joint are
218.8 MPa and 3.6%, which indicates approximately 16.5% and 44.6% reductions in the
tensile strength and elongation.
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Figure 12. Comparison of the tensile properties of the AZ31 BM and the FSWed joints under three
conditions (where Rm is the tensile strength and A is the elongation).

The average tensile strength of the welded joints under three FSW conditions are
218.8, 225.8, and 228.8 MPa, respectively. It means that the tensile strength of the UHaFSW-
produced joint is approximately 4.6% and 1.3% higher than those of FSW-produced and
UaFSW-produced joints, respectively. The tensile strength of UaFSW-produced joint is also
about 3.2% higher than that of FSW-produced joint. Meanwhile, the trend in the elongation
of the welded joints under three FSW conditions is consistent with the tensile strength
as shown in Figure 12 (indicated by red broken line). Therefore, it is considered that the
assistance of ultrasonic and heat pipe can significantly improve the tensile properties of
welded joints during the FSW process.

The macroscopic fracture locations and surfaces of the BM and welded joints under
three FSW conditions are shown in Figure 13. As seen from Figure 13a, it is found that all the
fracture locations of the three FSWed joints are located at the TMAZ, but the fracture loca-
tions of the joints produced by UaFSW and UHaFSW are much closer to the NZ. Especially
for the UHaFSW process, the fracture location is almost located at the interface between
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the NZ and the TMAZ. It means that the weakest location of FSW joint is transferred from
the TMAZ to TMAZ-NZ due to the application of ultrasonic and heat pipe. The change
may be due to two reasons: first, ultrasonic vibration improves the materials flow in the
TMAZ; second, the decrease in the heat input leading to the grain coarsening is inhibited
effectively in the TMAZ. The fracture angles of the three FSW tensile specimens are almost
close to 45°, which indicates a typical shear fracture mode. Besides, it is worth noting that
the fracture surface of the FSWed joint framed by the blue dotted line (Figure 13b) appears
much darker and flatter than other regions, which probably implies the fracture source
may be located in the darker and flatter region due to some potential cracks.

o ESW L

AS

g ~
UaFSW

Top surface

UHaFSW

Figure 13. The macroscopic fracture morphologies of the BM and the tensile specimens chosen in the
middle of the welded joints under three FSW conditions: (a) fracture locations, and (b) fracture surfaces.

Figure 14 shows typical SEM images of the tensile fracture surface of the BM and
welded AZ31 Mg alloy joints under three FSW conditions. The fracture surface of the
BM exhibits a typical cleavage fracture with few dimples, as shown in Figure 14a. As
seen from Figure 14b—d, it is obvious that significant changes are presented in fractures.
The tear ridges, cleavage facets in various sizes and a few of dimples could be observed
under conventional FSW condition, which is considered as the typical brittle-ductile mixed
fracture (Figure 14b). Compared with the conventional FSW condition, the welded joints
produced UaFSW and UHaFSW by exhibit finer dimples on the fractured surfaces. The
number of dimples obviously increase with a better uniform distribution, as shown in
Figure 14c,d. Therefore, the fracture morphologies show the characteristics of microporous
aggregate fracture, indicating the increase in the joints’ strength. It is difficult to deform Mg
and its alloys at room temperature because of the insufficient slip systems in close-packed
hexagonal metallic materials except by heating or inputting extra energy to initiate the
required slip systems for plastic deformation [37,48,49]. Under the UaFSW and UHaFSW
conditions, the probable reduction in the deformation resistance of metal by ultrasonic
vibration leads to the improvement in the material flow, which improves the backfill
performance of materials flow from retreating side to advancing side. This phenomenon
results in the better toughness of the welded joints. According to the Refs. [50,51], the
quality of FSW-produced Mg alloys is highly related to the residual stress in the weld.
During the FSW process, high-level tensile residual stresses can take place in the weld due
to the restraint from base metal during weld cooling which causes the crack initiation and
propagation, finally leading to a catastrophic failure. Due to the assistance of ultrasonic
and heat pipe, the effective decrease in the peak temperature and the duration of high
temperature leads to the grains’ refinement in the nugget zone and probable reduction in a
thermal expansion mismatch during cooling, which might reduce the residual stresses in
weld and lead to the increase in the tensile strength and elongation of the welded joints.
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Figure 14. Typical SEM images of the tensile fracture surfaces of AZ31 Mg alloys under different
conditions: (a) BM, (b) FSW, (c¢) UaFSW, and (d) UHaFSW.

4. Conclusions

In this work, the thermal cycle, welding temperature, microstructure, hardness, tensile
properties, and fracture morphologies of AZ31 Mg alloys are investigated under three FSW
conditions: conventional FSW (FSW), ultrasonic assisted FSW (UaFSW), and ultrasonic and
heat pipe assisted FSW (UHaFSW). The main conclusions can be drawn as follows:

(1) During FSW process, the temperature distribution is non-uniform along the welding
length and horizontal directions of the welded joint. A “dual peaks phenomenon” is
presented at the initial stage of the FSW process, which can be obviously observed in
the thermal cycle curve.

(2) Compared with conventional FSW, UHaFSW can effectively balance and improve the
“nonuniformity” in the welding temperature field via the significant decrease in the
peak temperature and average peaks temperature difference between corresponding
AS and RS. Meanwhile, with the assistance of ultrasonic and heat pipe, UHaFSW
significantly reduces the durations of high temperature, which inhibits the grain
coarsening of the welded AZ31 Mg alloy joints during the process and leads to the
refined equiaxial grains in the nugget zone.

(3) The cross-section profiles of welded joints under three FSW conditions are similar
to a typical “shallow funnel” which is wider at the top and narrower at the bottom.
The widest region of the whole nugget zone is presented under the UaFSW condition,
followed by UHaFSW and conventional FSW conditions since the ultrasonic vibration
leads to the materials softening and the promotion in the plastic deformation.

(4) Generally, compared with the base metal, the hardness across the whole welded joints
declined after FSW, the hardness distribution profile presented a “W” pattern, and
the lowest hardness locations are presented between TMAZ and NZ. Compared with
other FSW conditions, the overall average microhardness of the joint produced by
UHaFSW increases by 5.2% and 2.5%; the original “W” pattern of the hardness distri-
bution profile is almost absent due to the homogeneous and refined microstructure.

(5) Compared with the conventional FSW, the average tensile strength and elongation of
the welded joints significantly increase under the UaFSW and UHaFSW conditions.
Correspondingly, the fractographies exhibit more and finer dimples on the fractured
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surfaces of the joints under the UaFSW and UHaFSW conditions. Likewise, the frac-
ture morphologies show the characteristic of microporous aggregate fracture, which
indicates the increase of joints strength under the UaFSW and UHaFSW conditions.
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