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Abstract: Effects of friction stir spot processing (FSSP) on the microstructures and microhardness of tungsten inert gas (TIG)
welded TA15 titanium alloy joints were investigated. The macro/micro structural observation and microhardness evaluation of the
TA15 alloy sheets and TA15 TIG welded joints were carried out using optical microscope and microhardness tests. The results show
that FSSP effectively improves the microstructure and increases the microhardness of the TA15 sheets. As for the TIG welded joints,
FSSP also effectively improves the microstructure of joints. And the average microhardness value in weld nugget zone is improved
significantly, while a small increase of this value in heat affected zone is observed. The hardness in stirring zone is significantly
higher than that in the base metal. Two peak values of hardness appear along the width direction in stirring zone. After FSSP, the
average hardness of the weld zone of TA15 TIG welded joint is significantly higher than that before FSSP. Under the present process
parameters, both the surface oxidation in TA15 sheets and in TIG welded joints after FSSP are not evident, while the surface forms

the bright white layer, which is composed of a great multitude of fine grains.
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1 Introduction

TA15 (Ti—6Al-2Zr-1Mo—1V), a typical near
titanium alloy, is usually utilized to manufacture the
structural components of aircraft due to its high specific
strength, excellent thermal stability, low growth rate of
fatigue crack and strong corrosion resistance [1—3]. With
the wide applications of titanium and titanium alloy
under heavy load and bad conditions, it has more and
more high demanding to the performance requirements
of titanium and titanium alloy. The thin-plate welded
structure produced by TA1S5 titanium alloy not only
significantly reduces the mass of the structure, but also
improves the structural integrity. However, coarse grains
occur in the heat-affected zone and the fusion zone of
TIG welded TAILS titanium alloy joints due to heat
concentration and high temperature, which affects the
use of TA1S5 alloy TIG welded components. In order to
achieve an excellent performance of welded components,
TA15 alloy TIG welded joints need to be treated. As for

the coarse grains in the microstructure of deformed
workpieces, severe plastic deformation techniques are
the effective method to reduce the grain size. And the
coarse grains tend to be broken during severe plastic
deformation process. Therefore, in the past few years,
severe plastic deformation techniques, such as equal
channel angular pressing and accumulating rolling have
been investigated extensively in fine-grained metal
preparation [4].

Friction stir welding (FSW) is a new solid-state
joining technique invented at the Welding Institute
(TWI) (Cambridge, United Kingdom) [5,6]. The FSW
has been successfully used to produce joints in
aluminum, magnesium, titanium, steel and other
alloys [6,7—11]. Friction stir spot welding (FSSW) was
also developed based on the basic principle of the
FSW [12,13]. The FSSW process consists of three steps:
plunging, stirring, and retracting [14—17]. Figure 1
shows illustration of the FSSW process. First, the tool
rotates at a high angular speed. Then, the tool is forced
into workpiece until the tool shoulder contacts the top
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Fig. 1 Illustration of FSSW process: (a) Plunging; (b) Stirring; (c) Retracting [17,18]

surface of the upper workpiece to form a weld spot. The
materials are expelled due to the plunging movement of
the tool. The stirring stage starts when the tool reaches a
predetermined depth and the tool keeps rotating in the
workpieces. Frictional heat is generated in the
plunging and stirring stages, and thus the materials
adjacent to the tool are heated, softened, and mixed in
the stirring stage where a solid-state joint will be formed.
The tool is retracted from the workpieces when an
acceptable bonding is obtained [14—17]. As we know,
friction stir processing (FSP) is a novel severe plastic
deformation process based on friction stir welding
(FSW) [18]. In this work, the friction stir spot processing
(FSSP) was selected to study microstructures and
microhardness for sheets and TIG welded joints of TA15
alloy. And FSSP is a plastic deformation process based
on FSSW.

In the present study, the TAI15 alloy sheets were
treated first using FSSP, and the macro/micro structural
observation and the microhardness evaluation of the
FSSP sheets were respectively conducted using optical
microscope and microhardness tests. And the macro/
micro structural observation and the microhardness
evaluation of TA15 TIG welded joints were respectively
carried out using FSSP by optical microscope and
microhardness tests.

2 Experimental

The investigated material was a 1.5 mm-thick
cold-rolled TA15 sheet. Its chemical compositions are
(mass fraction): 6.4% Al, 1.3% Mo, 1.8% V, 1.9% Zr,
0.07% O, 0.008% N, 0.005% H and Ti balance. Figure 2
shows microstructure of the as-received TA15 sheet.
Figure 3 shows the photo of the as-received TA15 sheet.
The dimensions of the original TA15 sheet are 200 mm x
100 mm x 1.5 mm (Fig. 3(a)). The sample of base
material for FSSP is shown in Fig. 3(b). And the
dimensions of the sample for FSSP are 100 mm X
25 mm X 1.5 mm. As shown in Fig. 4(a), the TA15 TIG

Fig. 2 Microstructure of as-received TA15 sheet
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Fig. 3 Photo of as-received TA15 sheet: (a) Original TA15
sheet; (b) Specimen of base material for FSSP

welded sheet was joined by using two sheets of the same
size, and dimensions of the sheet are 300 mm x
100 mm x 1.5 mm. Figure 4(b) shows the sample of
the welded joints for FSSP and Fig. 4(c) shows the
enlarged view for welded joints. And the dimensions of
the sample of the welded joints for FSSP are 100 mm X
25 mm x 1.5 mm. Table 1 shows the processing
parameters of FSSP. Here, 950 r/min and 1180 r/min
were selected as low and high rotating speeds,
respectively. A pinless cylindrical tool with the shoulder
diameter of 12 mm was used, as shown in Fig. 5, and
three involute grooves were machined on the shoulder
surface. The tool was made of WC—Co hard alloy.
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After FSSP tests, cross-sections of the specimens
from TA15 base material sheet and TIG welded joint
were subjected to the standard mechanical grinding
and polishing routine, and were etched using Kroll
solution (F(HNO;):V(HF):V(H,0)=5:10:80). The optical
microscope was observed using Olympus microscope.
The microhardness of the specimens was measured by
using Struers Duramin-A300 microhardness testing
machine. Load and holding time were respectively set as
500 g and 10 s, respectively. Figure 6 shows the
schematic diagram of hardness test points. The x-distance
between two adjacent points is 500 pm.

®) ' ©
Fig. 4 Photos of TA15 TIG welded sheet: (a) Original TA15
TIG welded sheet; (b) Specimen of welded joints for FSSP;
(c) Enlarged view for welded joints

Table 1 Processing parameters of FSSP

Sample Pressing speed/ Reduction/ Rotational  Stirring

No. (mm-min") mm  speed/(rrmin"') time/s
1 30 0.2 950 9
2 30 0.2 950 12
3 30 0.2 950 15
4 30 0.2 1180 9
5 30 0.2 1180 12
6 30 0.2 1180 15

Fig. 5 Photos of FSSP tool: (a) View 1; (b) View 2
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Fig. 6 Schematic diagram of hardness test points
3 Results and discussion

3.1 Macrostructure and microstructure of TA1S
sheets after FSSP

Figure 7 shows the macrostructure photo of TAIS5
specimens after FSSP. Figures 7(a) and (b) respectively
show the front side and the reverse side of the
FSSP-treated specimens at pressing speed 30 mm/min,
reduction 0.2 mm, rotational speed 950 r/min and stirring
time of 9, 12 and 15 s. Figures 7(c) and (d) respectively
show the front side and the reverse side of the
FSSP-treated specimens at pressing speed of 30 mm/min,
reduction of 0.2 mm, rotational speed of 1180 r/min and
stirring time of 9, 12 and 15 s. It can be seen from Fig. 7
that no evident oxidation occurs on the front surface,
while a degree of oxidation occurs on the reverse surface
when the experiment was conducted at the rotational
speed of 1180 r/min for stirring time 15 s. In addition,
the longer the stirring time is, the longer the contact time
between the tool and the metal is, so the surface
oxidation degree increases with the increase of the
stirring time.

Figure 8 shows the cross-section macrostructures of
the FSSP-treated TA15 sheet specimens under different
stirring time. The pressing speed, the reduction, and the
rotational speed are respectively 30 mm/min, 0.2 mm
and 950 r/min. The stirring time in Figs. 8(a), (b) and (c)
is 9, 12 and 15 s, respectively. And the samples 1, 2, and
3 in Table 1 correspond to Figs. 8(a), (b) and (c),
respectively. It can be seen from Fig. 8 that a circular
concave shape region appears on the edge of the
stirring zone, while the middle part of the stirring zone is
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Fig. 7 Macrostructure photos of FSSP-treated TA15 sheet samples at pressing speed 30 mm/min, reduction 0.2 mm, different

rotational speeds and different stirring time: (a) Front side of samples at rotational speed 950 r/min; (b) Reverse side of samples at

rotational speed 950 r/min; (c) Front side of samples at rotational speed 1180 r/min; (d) Reverse side of samples at rotational speed

1180 r/min

Fig. 8 Cross-section macrostructures of FSSP-treated samples at pressing speed 30 mm/min, reduction 0.2 mm, rotational speed

950 r/min and stirring time 9 s (a), 12 s (b) and 15 s (c)

basically not compressed. The maximum depth of the
concave shape region of the FSSP-treated samples in the
experiment stirring time of 9 s (Fig. 8(a)) is much less
than that in stirring time of 12 s (Fig. 8(b)) and 15 s
(Fig. 8(c)). While the maximum depth in stirring time of
12 s (Fig. 8(b)) is almost the same as that in stirring time
of 15 s (Fig. 8(c)). In addition, it is found that a bright
white layer appears on the surface of the concave shape
region. Therefore, in the next paragraph, a detailed
explanation/description for the local characteristic

regions of Fig. 8 is given. Here, in order to better
illustrate the local characteristic regions, the symbols dj,
do, Wi, Wy, A, B, C and D are given in Fig. 8(b), and the
symbol E is given in Fig. 8(c). While the maximum
depth in stirring time of 12 s (Fig. 8(b)) is almost the
same as that in stirring time of 15 s (Fig. 8(c)), which
means that the welding process is in the quasi-steady
state.

Figure 9 shows the detail view of the regions 4, B,
Cand D in Fig. 8(b). As shown in Fig. 9, the bright white
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Fig. 9 Microstructures of sample in region 4 (a),

layer does not appear on the entire surface of stirring
zone, but appears on the local surface. That is, the
boundary of the bright white layer can be found. The
arrows in Figs. 9(a) and (b) respectively represent the
boundary lines of the bright white layer, which
respectively correspond to the regions 4 and B in
Fig. 8(b). The arrows in Figs. 9(c) and (d) respectively
represent the boundary lines of the bright white layer,
which correspond to the regions C and D in Fig. 8(b). In
addition, the maximum depth of the concave shape zone
can be measured according to Fig. 8(b). From Fig. 8(b)
and Fig. 9, the values of d;, d,, w; and w, can be
obtained. And they are 0.25, 0.26, 2.9 and 2.8 mm,
respectively.

Figure 10 shows the detail view of the region E in
Fig. 8(c). As shown in Fig. 10, a clear stratification
phenomenon in microstructure is observed. The white
layer microstructure was observed evidently in region F.
The microstructure in region F is quite different from
that in base material. The transitional region G appears
between the white layer region F' and the base material
region H. In addition, it can be found that region F' is
difficult to corrode during the process of metallographic
preparation. The thicknesses of the regions F and G in
Fig. 10 are approximately 60 pm and 95 pm,
respectively.

3.2 Macrostructure and microstructure of TA15 TIG
welded joints after FSSP treatment
3.2.1 Macrostructure and microstructure of TIG welded
joints
Figure 11 shows the macrostructure and micro-

Fig. 10 Microstructure of sample in region £ in Fig. 8(c)

structure in the cross section of TA15 TIG welded joint.
It can be found from Fig. 11(a) that the TA15 sheet
deformed during TIG welding process. This is because
the nonuniform temperature fields and the nonuniform
residual stresses occur during this welding process. In
addition, the height in the position of weld seam is larger
than other positions. As shown in Fig. 11(a), three zones
(weld nugget zone (WNZ), heat affected zone (HAZ) and
base material zone(BMZ)) of the joint are observed
evidently. The transitional region between HAZ and
BMZ can be clearly distinguished (Fig. 11(b)). As shown
in Fig. 11(d), the transitional region between WNZ and
HAZ can also be clearly distinguished. Widmanstaten
structure appears in HAZ (Fig. 11(c)) and in WNZ
(Fig. 11(e)). During the TIG welding process, the needle
a grains gradually grow and form irregular coarse needle
o Widmanstaten structure. The reason is that both a large


http://www.baidu.com/link?url=c-wi6Uz7ela6TdOzDwugS4CepJvHnTqnvvLLt0TZcmIE4ILh-GGLoZwSETqp_V7gJYuw_WwYHV658GsXfyHbijW5GpwLD8Qpq6ZZBKh0zRi
http://www.baidu.com/link?url=yP9dlClIpgDFYVYbDLMD9GTXBvHxOsJB8_ge5he3_3p4sL9Ffg7MHuhuHJh6K7ZkdIgr6JaQ-WF0iSEmiHNPy74fSxWtSmeWvcp5uT3ROT7

60 Xia-wei YANG, et al/Trans. Nonferrous Met. Soc. China 28(2018) 55-65

Fig. 11 Macrostructure and microstructure of TIG welded joint in cross section: (a) Macrostructure of joint in cross section;

(b) Microstructure of joint in zones between HAZ and BMZ; (c¢) Microstructure of joint in HAZ; (d) Microstructure of joint in zones

between WNZ and HAZ; (e) Microstructure of joint in WNZ

amount of heat and long time heat preservation at high
temperature during TIG welding process.
Meanwhile, it can be found from Fig. 11 that the grain
size in HAZ is smaller than that in WNZ. It can be seen
from Figs. 11(b) and (d) that microstructure is
significantly different in different positions of HAZ. The
average grain size of the HAZ near the side of the BMZ
is smaller than that near the side of the weld nugget
WNZ. In other words, the closer the distance between the
selected HAZ position and the WNZ, the greater the
average grain size in this selected HAZ position. The
amount of heat generated in different positions of HAZ
during TIG welding process depends on the distance
between the selected HAZ position and WNZ. Effect of
heat during TIG welding process on the HAZ that
adjacent to the BMZ is relatively small. So, the relatively
small grains can be observed in this HAZ (Fig. 11(b)). As
shown in Fig. 11(d), the grain size of the HAZ that is

occur

adjacent to the WNZ is larger compared with Figs. 11(b).
This is because large impact of heat during welding
process on the HAZ is adjacent to the WNZ. As shown in
Figs. 11(a) and (e), the WNZ is a typical as-cast
microstructure. A large amount of irregular coarse needle
o phase (Widmanstaten structure) and a small amount of
needle martensite can be observed (Fig. 11(e)). In
addition, the maximum grain size reaches approximately
1 mm.
3.2.2 Macrostructure and microstructure of joints after
FSSP treatment

Figure 12 shows the macrostructure of TIG welded
joint after FSSP treatment. The flash and onion rings
were observed in Fig. 12. It can be seen from Fig. 12 that
no evident oxidation occurs on the front surface and the
reverse surface. Reasons of the formation of the flash
and onion rings of TIG welded joint after FSSP treatment
are similar to the sheets after FSSP treatment.
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Fig. 12 Macrostructure photos of FSSP-treated TIG welded joint at pressing speed 30 mm/min, reduction 0.2 mm, different rotational

speeds and different stirring time: (a) Front side of samples at rotational speed 950 r/min; (b) Reverse side of samples at rotational

speed 950 r/min; (c) Front side of samples at rotational speed 1180 r/min; (d) Reverse side of samples at rotational speed 1180 r/min

In addition, under the condition of 1180 r/min, the
surface oxidation of sheet in Fig. 7 is much more serious
than that of TIG joint in Fig.12. As for the sheet in Fig. 7,
the whole surface is flat. But as for the TIG joint in
Fig. 12, there is a bump on the surface of the weld seam
of TIG joint. So, the contact surface area between the
tool and the sheet surface is larger than that of weld seam
surface of TIG joint. Therefore, the surface oxidation of
sheet is much more serious than that of TIG joint.

3.2.3 Microstructure of joints after FSSP treatment

Figure 13 shows microstructure of joints after FSSP
treatment. As shown in Fig. 13, the characteristic of the
microstructure of joints after FSSP treatment can be
divided into three types. The upper surface of the
sectional microstructure has no evident fluctuation,
which is defined as the first type (sample 1, Fig. 13(a)).
The upper surface of the sectional microstructure has a
significant fluctuation, which is defined as the second
type (samples 2, 4 and 6, Figs. 13(b), (d) and (f)). The
upper surface of the sectional microstructure has no
evident fluctuation but the adhesion of metal appears on
the stirring surface, which is defined as the third type
(samples 3 and 5, Figs. 13(c) and (¢)). As for the

appearance of the adhesion of metal, here are the
following explanations. Three involute grooves of
stirring tool were adopted in this work and the addition
of metal is connected among these three grooves. The
material flows in the deformation zone during FSSP due
to the mixing action of stirring tool. But when the stirring
tool is drawn from the inside of the metal, a small
amount of material likely remains at the connection
position among these three grooves because the speed of
the center position of stirring tool is zero. Therefore, the
adhesion of metal possibly appears in sectional
microstructure after the next FSSP. In addition, a large
amount of heat occurs in the stir zone during FSSP. And
a strong interaction force between the stirring tool and
the materials in stir zone occurs during FSSP. Therefore,
when the stirring tool is drawn from the inside of the
metal, a small amount of material likely remains in the
involute grooves. And in the next processing process,
this material is adhered to the surface of the joint.

Figure 14 shows the microstructures of sample 3 in
different positions of heat affect zone (/, J and K, see
Fig. 13(c)). As shown in Fig. 14, the cracks occur on the
edge of the stir zone between the adhesion of metal and
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Fig. 13 Microstructures of joints after FSSP treatment under pressing speed 30 mm/min and reduction 0.2 mm: (a) Sample 1,

rotational speed 950 r/min, stirring time 9 s; (b) Sample 2, rotational speed 950 r/min, stirring time 12 s; (c) Sample 3, rotational

speed 950 r/min, stirring time 15 s; (d) Sample 4, rotational speed 1180 r/min, stirring time 9 s; (¢) Sample 5, rotational speed

1180 r/min, stirring time 12 s; (f) Sample 6, rotational speed 1180 r/min, stirring time 15 s

Fig. 14 Microstructures of sample 3 in positions / (a), J (b) and K (c¢) shown in Fig. 13(c)

the processed sample (Figs. 14(a) and (b)), while in
certain areas of the edge, no cracks occur but the bright
white layer appears between the adhesion of metal and
the FSSP-treated sample (Fig. 14(c)). The materials in
stirring zone suffered large tangential force during FSSP,
while the materials in the bottom of the TIG sheet
suffered small tangential force. Therefore, the materials
in stirring zone have a trend of separation, and the cracks
formed in stirring zone. In addition, the stratified
phenomenon in microstructure was observed in Fig. 14.
Figure 15 shows the enlarged view of the microstructure
of sample 3 in positions M and N. The microstructure

with streamline shape can be observed in zone M
(Fig. 15(a)). The grains in zone M were gradually broken
and refined due to the drastic stirring action. So, the
grains in zone M are small. The bright white layer can be
observed in zone N (Fig. 15(b)). The grains in zone O
were refined due to the modest stirring action
(Fig. 14(c)). The thickness of the region N in Fig. 14 is
approximately 85 pm.

Figure 16 shows the microstructure of WNZ in
sample 6, which corresponds to the zone L in Fig. 13(f).
The forming mechanism of zones P and Q in Fig. 16 is
similar to that of the zones M and N in Fig. 14, so it does
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not make a detailed description of the forming
mechanism of zones P and Q. The grains in zone R were
refined due to the drastic stirring action. The thickness of
the region Q in Fig. 16 is approximately 100 pm.

S 00um
Fig. 15 Microstructures of sample 3 in positions M (a) and N (b)
in Fig. 14(c)

Fig. 16 Microstructure of sample 6 in weld nugget zone

3.3 Microhardness change

Figure 17 shows the microhardness change of the
TAT1S5 sheets and TIG welded joint after FSSP treatment
with different process parameters. As shown in Fig. 17,
the microhardness is present with fluctuating character. It
can be seen that the microhardness curve displays
symmetrical feature. As shown in Fig. 17(a), the average
microhardness values of samples 1, 2 and 3 in stirring
zone (—6 mm to 6 mm) are approximately HV,5351.1,
HVys 354.6 and HV,s 355.4, respectively. While the
average microhardness value in base material zone is
approximately HV,s 330. The average hardness of the
three groups parameters of FSSP is higher than that of

the base material by 7%. In addition, the peak micro-
hardness appears in two positions (—4 mm and 4 mm),
and it is approximately HV5379. As shown in Fig. 8(b)
and Fig. 17(a), when the zone is adopted in the bright
white layer (-5.4 mm to —2.5 mm and 2.5 mm to
5.4 mm), the average microhardness is approximately
HV, 5363, which is higher than the base material by 10%.
While the zone is adopted in the stirring zone (—2.5 mm
to 2.5 mm), the average microhardness is approximately
HVg5 349, which is higher than the base material by
5.7%.
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Fig. 17 Microhardness change of TAI15 sheets (a) and TIG

welded joint (b) after FSSP treatment

As shown in Fig. 17, the microhardness value of
base material is evidently higher than that of the TIG
welded joint and processed joint. But as shown in
Fig. 17(b), the average microhardness value of TIG
welded joint after FSSP treatment in stirring zone is
evidently higher than that of the TIG welded joint. The
average microhardness value of six groups of parameters
in weld nugget zone after FSSP treatment is
approximately HV,5294.7, which is higher than that in
the weld nugget zone by 11.5%. While the average
microhardness value in heat affected zone after FSSP has
no significant increase, which is only higher than that in
the heat affected zone by 3.2%.
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Because the bright white layer appears in the
microstructure of all the test samples. The hardness of
bright white layer of TA1S5 sheets after FSSP treatment
was especially given. The average hardness of the bright
white layer is approximately HV,s 363, which is
evidently higher than that of the base material.

4 Conclusions

1) As for the TA15 specimens after FSSP treatment,
no evident oxidation occurs on the front surface, while a
degree of oxidation occurs on the reverse surface when
the experiment was conducted at the rotational speed of
1180 r/min and stirring time 15 s. In addition, the surface
oxidation degree increases with the increase of the
stirring time. A circular concave shape zone appears in
the edge of the stirring zone, while the middle zone of
the stirring zone is basically not compressed. A bright
white layer appears on the surface of the concave shape
zone.

2) As for the TIG welded joint, three zones (WNZ,
HAZ and BMZ) of the TIG welded joint were observed
evidently. A large amount of irregular coarse needle o
phase (Widmanstaten structure) and a small amount of
needle martensite can be observed in the WNZ.

3) As for the TA15 TIG welded joint after FSSP
treatment, the flash and onion rings can be observed
from macrostructure photo. The characteristic of the
microstructure of joints after FSSP can be divided into
three types. The first type is that the upper surface of the
sectional microstructure has no evident fluctuation. The
second type is that the upper surface of the sectional
microstructure has significant fluctuation. The third type
is that the upper surface of the sectional microstructure
has no evident fluctuation but the adhesion of metal
appears on the stirring surface. In addition, the bright
white layer in microstructure can be observed in welded
joint after FSSP treatment.

4) The average microhardness values of TAILS
samples 1, 2 and 3 in stirring zone are approximately
HV5351.1, HV(5354.6 and HV,5355.4, respectively.
The average hardness of the three groups of parameters
of FSSP is higher than that of the base material by 7%.
The average microhardness value of six groups of
parameters in  WNZ after FSSP treatment is
approximately HV5294.7, which is higher than that in
the WNZ by 11.5%. While the average microhardness
value in HAZ after FSSP treatment is higher than that in
the WNZ by 3.2%.

References

[11]  DONG X J, LU S Q, ZHENG H Z. Dynamic spheroidization kinetics

[2]

B3]

(4]

[3]

(6]

71

(8]

]

[10]

[11]

[12]

[13]

[14]

[13]

[1e]

[17]

[18]

of Ti=6.5A1-2Zr—1Mo—1V
microstructure [J]. Transactions of Nonferrous Metals Society of
China, 2016, 26(5): 1301-1309.

WU C, YANG H, LI H W. Simulated and experimental investigation

on discontinuous dynamic recrystallization of a near-a TA15 titanium

behavior alloy with lamellar

alloy during isothermal hot compression in f single-phase field [J].
Transactions of Nonferrous Metals Society of China, 2014, 24(6):
1819-1829.

HE D, ZHU J C,LAI Z H, LIU Y, YANG X W, NONG Z S. Residual
elastic stress-strain field and geometrically necessary dislocation
density distribution around nano-indentation in TA15 titanium alloy
[J]. Transactions of Nonferrous Metals Society of China, 2013, 23(1):
7-13.

ZHANG D T, XIONG F, ZHANG W W, QIU C, ZHANG W.
Superplasticity of AZ31 magnesium alloy prepared by friction stir
processing [J]. Transactions of Nonferrous Metals Society of China,
2011, 21(9): 1911-1916.

THOMAS W M, NICHOLAS E D, NEEDHAM J C, MURCH M G,
TEMPLESMITH P, DAWES C J. Friction Stir Butt Welding:
PCT/GB92/02203 [P]. 1991.

MISHRA R S, MA Z Y. Friction stir welding and processing [J].
Materials Science and Engineering R, 2005, 50(1-2): 1-78.
NANDAN R, DEBROY T, BHADESHIA H K D H. Recent advances
in friction-stir welding: Process, weldment structure and properties
[J]. Progress in Materials Science, 2008, 53(6): 980—1023.

FONDA R W, KNIPLING K E. Texture development in near-a Ti
friction stir welds [J]. Acta Materialia, 2010, 58(19): 6452—6463.
ZHOU L, LIU H J, LIU P, LIU Q W. The stir zone microstructure
and its formation mechanism in Ti—6Al-4V friction stir welds [J].
Scripta Materialia, 2009, 61(6): 596—599.

WU L H, WANG D, XIAO B L, MA Z Y. Microstructural evolution
of the thermomechanically affected zone in a Ti—6Al—4V friction stir
welded joint [J]. Scripta Materialia, 2014, 78—79: 17-20.

ZHANG Y, SATO Y S, KOKAWA H, PARK S H C, HIRANO S,
Microstructural —characteristics and mechanical properties of
Ti—6Al—-4V friction stir welds [J]. Materials Science and Engineering
A, 2008, 485(1-2): 448—455.

ZAHRA J S, MOHSEN H S, JALIL V K, CHEN N, SHI Q Y, YAO
K F. Microstructure characterization and mechanical properties of
Ti-based bulk metallic glass joints prepared with friction stir spot
welding process [J]. Materials and Design, 2016, 100: 120—131.
MUBIAYI M P, AKINLABI E T. Evolving properties of friction stir
spot welds between AA1060 and commercially pure copper C11000
[J]. Transactions of Nonferrous Metals Society of China, 2016, 26(7):
1852-1862.

MERZOUG M, MAZARI M, BERRAHAL L, IMAD A. Parametric
studies of the process of friction spot stir welding of aluminium
6060-T5 alloys [J]. Materials and Design, 2010, 31(6): 3023—3028.
ZHANG Z, YANG X, ZHANG J, ZHOU G, XU X, ZOU R. Effect of
welding parameters on microstructure and mechanical properties of
friction stir spot welded 5052 aluminum alloy [J]. Materials and
Design, 2011, 32 (8-9): 4461—4470.

NGUYEN N T, KIM D Y, KIM H Y. Assessment of the failure load
for an AA6061-T6 friction stir spot welding joint: Proceedings of the
Institution of Mechanical Engineers B [J]. Journal of Engineering
Manufacture, 2011, 225(10): 1746—1756.

YANG X W, FU T, LI W Y. Friction stir spot welding: A review on
joint macro and microstructure, property, and process modeling [J].
Advances in Materials Science and Engineering. 2014, 2014(1):
1-11.

MA Z Y. Friction stir processing technology: A review [J].
Metallurgical and Materials Transaction A, 2008, 39: 642—658.


http://xueshu.baidu.com/s?wd=paperuri%3A%285539dc52fb9e3742170f4c3370340c5d%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.freepatentsonline.com%2F4839402.html&ie=utf-8&sc_us=17446141591973995233
http://xueshu.baidu.com/s?wd=paperuri%3A%285539dc52fb9e3742170f4c3370340c5d%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.freepatentsonline.com%2F4839402.html&ie=utf-8&sc_us=17446141591973995233
http://www.sciencedirect.com/science/article/pii/S007964250800039X
http://www.sciencedirect.com/science/article/pii/S007964250800039X
http://www.sciencedirect.com/science/article/pii/S1359645410005112
http://www.sciencedirect.com/science/article/pii/S1359645410005112
http://www.sciencedirect.com/science/article/pii/S1359646214000219
http://www.sciencedirect.com/science/article/pii/S1359646214000219
http://www.sciencedirect.com/science/article/pii/S1359646214000219
http://www.sciencedirect.com/science/article/pii/S0921509307016164
http://www.sciencedirect.com/science/article/pii/S0921509307016164

Xia-wei YANG, et al/Trans. Nonferrous Met. Soc. China 28(2018) 55—65

ETHHEEESMIHEARE TAIS A& € AH
TIG [RiE1ELEO R EE

MBS, EXL, 2RF, WK, FEIE, MR, 5 %
PEAE T K2 R AR E 5 s 92U s PG 48 R R T AR HR A 9280 2%, 7542 710072

B E. ETHEEBEESENTHEARFESSP), X TALS $h44 TIG EEEREL A SURBE T 7. RS
Fr AR 3%, 40 A% TALS M B H: TIG MRSkt A i AN EE M. 45 5K 9, FSSP AMHAE
s TALS A, T Bon] AR S BB, AR ] DL sE TALS &4 TIG IRk B MmMA . 12
%X T35 0 S AR Y0 35 i v, B e X S R B A A 3G 0 o b DX T A2 B 6l oy TR, ELW S 96 FE 5 Tl
AR ANEEIEE . 40d FSSP 2 )5, TALS &4 TIG IREHCSLIEE X W FIRE E{E S FSSP Z RifHEL, AT 8%
. WA, TERNETZSER, TALS WM AH TIG k&l FSSP 2 J5, REAMIANE, FEHE
I, RIS RN e R
IR BRI T TAIS (k&4 TIG Mk RMAY: BihEE

(Edited by Xiang-qun LI)

65



