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Abstract

In this work, the Ti-15-3 alloy joints were successfully prepared via submerged friction stir welding (SFSW) for the first time.
The microstructure evolutions and mechanical properties of the SFSW joints were characterized by electron backscatter-
ing diffraction, finite element simulation, microhardness, and tensile tests. The results revealed that the joint included three
distinct zones, named as stirring zone (SZ), thermo-mechanically affected zone (TMAZ), and base metal (BM), respectively.
During SFSW, the peak temperature (~ 808 °C) and strain in SZ gradually decreased from the upper surface to the bottom
surface along the thickness of the as-received plate. Meanwhile, the temperature and strain on the advancing side (AS)
were higher than that of the retreating side (RS) within SZ. Comparatively, a slightly low temperature (~480 °C) and strain
occurred in TMAZ. Due to the high temperature and large strain during SFSW, the grains were significantly refined, and the
major grain refinement mechanism of SZ was continuous dynamic recrystallization, while that of TMAZ was coupled by
continuous and discontinuous dynamic recrystallization. Note that the ideal shear texture formed in SZ. The shear textures
components at the top, center, and bottom of SZ center were D,(1 15)[1 11], while that of AS and RS within SZ was D,(1 12
)[111]. Finally, the ultimate tensile strengths of SZ and TMAZ were 854 MPa and 816 MPa, which reached that of 103%
and 96% of BM, respectively. In summary, it was an effective method to prepare a uniform and high-performance Ti-15-3
alloy joint through SFSW.

Keywords Submerged friction stir welding - Titanium - Microstructure - Dynamic recrystallization - Finite element
simulation

1 Introduction treatment properties. Hence the Ti-15-3 alloy receives wide

attention from researchers [2]. In the application process, the

Titanium (Ti) alloys have been extensively used in aero-
space, deep-sea exploration and biomedical fields due to
their low density, high specific strength, good corrosion
resistance as well as excellent biocompatibility [1]. Among
them, as a metastable p-type Ti alloy, Ti-15V-3Cr-3A1-3Sn
(Ti-15-3) alloy, shows excellent cold formability and heat
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welding of Ti-15-3 alloy is essential [3]. Traditional fusion
welding technologies exhibit some problems, i.e., high heat
input, coarse grains in the nugget zone, high residual stress
of the joints, and frequently occurring solidification defects
such as pores and cracks. Especially for Ti-15-3 alloy, ele-
ment and phase segregation are easy to occur during fusion
welding, which seriously deteriorates the mechanical prop-
erties of weld joints [4].

Friction stir welding (FSW) is invented by The Welding
Institute in 1991. It is a solid-state process in which met-
allurgical bonding is produced at temperatures below the
melting point [5]. During the FSW process, the materials of
the stirring zone (SZ) can be significantly refined, densified,
and homogenized by severe plastic deformation [6]. At pre-
sent, FSW has been extensively used for low-melting materi-
als such as magnesium [6] and aluminum alloys [7], while
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there are still many problems to be studied in high-melting
materials such as titanium [8], steel [9], and zirconium [10].
Pouraliakbar et al. [11] pointed out that the welding param-
eters determine the heat input during FSW, which affects
the microstructure and mechanical properties of the welded
joint. They found the heat input during FSW is proportional
to the rotation speed of the stirring tool and inversely pro-
portional to the welding speed. Zhang et al. [12] found that
when the peak temperature exceeds p-transus temperature of
Ti alloy, the SZ is mainly composed of lamellar o+  micro-
structure, and with the decrease of heat input, the mechani-
cal properties of FSW joints are improved. Kitamura et al.
[13] and Su et al. [14] showed that when the peak tempera-
ture is lower than p-transus temperature, SZ is mainly made
up of fine equiaxed a phase, and the mechanical properties
of the joint are better than that of the FSW joint whose peak
temperature exceeds the p-transus temperature. Therefore,
the optimized FSW parameters can contribute to obtaining
fine equiaxed microstructure, thus improving the mechanical
properties of FSW Ti alloy joints.

At present, in addition to optimizing the FSW parameters,
the heat input can also be reduced by the cooling medium
such as water [15], liquid CO, [16] and liquid nitrogen [17].
Therefore, the submerged friction stir welding (SFSW)
technology is proposed. SFSW is originally applied to weld
aluminum alloys, which effectively improves the dissolu-
tion and coarsening of precipitates in the heat-affected zone
(HAZ) and thermo-mechanically affected zone (TMAZ) of
the joints, thus fabricating the fine/ultrafine-grained alu-
minum alloys [15]. Recently, SFSW has been gradually
applied to weld the pure Ti and TC4 Ti alloy by Wu et al.
[18, 19]. Usually, dynamic recrystallization (DRX) easily
occurs in SZ and TMAZ due to the high temperature and
high strain rates during FSW/SFSW Ti alloys, thus signifi-
cantly refining the grains. Kim et al. [20] believed that the
major grain refinement mechanism in SZ was continuous
dynamic recrystallization (CDRX) during FSW TC4 Ti
alloy. Singh et al. [21] demonstrated that the grains were
refined obviously due to the combination of various DRX
mechanisms during FSW pure Ti. Moreover, they thought
the CDRX and twinning-induced DRX occurred in the
recovery stage and early stage of deformation, while the geo-
metric dynamic recrystallization (GDRX) and discontinuous
dynamic recrystallization (DDRX) appeared in the late stage
of deformation. Similarly, Wu et al. [18] reported that the
grain refinement mechanism in SZ was mainly controlled by
twinning, prismatic slip, and basal slip at the initial stage of
deformation for SFSW pure Ti joints. With the increase in
temperature, the deformation mode turned to prismatic slip,
and the grain refinement mechanism turned to CDRX and
DDRX. In addition, Mironov et al. [22] prepared the Ti-15-3
alloy joints via FSW, and their results showed that SZ and
TMAZ were dominated by DDRX and CDRX, respectively,
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and ideal shear textures were formed around the pin. Similar
results were also reported by Liu et al. [23]. In summary,
the DRX mechanisms included CDRX, DDRX, GDRX, and
twinning-induced DRX for the FSW joints. However, which
DRX mechanism occurring in the joint depended on the
temperature and strain rate [24].

During FSW/SFSW process, it is difficult to observe
the temperature distribution and material flow behavior
directly due to the severe plastic deformation coupled with
high temperature and high strain rate in SZ. Therefore, the
finite element simulation is suitable to explore the tempera-
ture and strain rate during FSW/SFSW process. Wu et al.
[18] simulated the process of SFSW pure Ti using MSFESL
software. They showed that the peak temperature of SFSW
was ~ 687 °C, which was much lower than the p-transus
temperature of Ti. In addition, the temperature increased
gradually from base metal (BM) to SZ on the cross-sec-
tional of the joint, and the temperatures of SZ and TMAZ
reached 400-687 °C and 350400 °C, respectively. Mean-
while, Singh et al. [21] obtained the temperature and strain
distribution using Deform-3D software for the FSW pure
Ti joints. The results illustrated that the peak temperature
reached 820 °C in SZ, and the flow velocity and effective
strain of the advancing side (AS) were higher than that of the
retreating side (RS), which led to asymmetric microstruc-
ture and texture of AS and RS. Furthermore, Grujicic et al.
[25] simulated the process of FSW TC4 alloy by ABAQUS
software, showing that the effective strain of SZ was 20-50,
and the effective strain was asymmetric due to the distinct
material flow between AS and RS.

In summary, the complex flow of materials accompanied
by DRX during the FSW/SFSW process, especially the
high cooling rate of the water during the SFSW process will
inevitably affect the DRX behavior. Therefore, it is neces-
sary to clarify the effect of microstructure on the mechanical
properties of SFSW Ti alloy joints. However, the study on
SFSW Ti-15-3 alloy has not been reported until now, and
the effect of forced cooling on microstructure evolutions
and mechanical properties of the joint is not clear. In this
work, the Ti-15-3 alloy joints were successfully prepared via
SFSW for the first time. The grain refinement mechanisms
and texture evolution behavior of the joints were analyzed
according to the electron backscattered diffraction (EBSD)
and finite element simulation. Finally, the strengthening
mechanisms of the SFSW joint were revealed.

2 Experimental methods
2.1 Materials and methods

As-received forged Ti-15-3 alloy plates with a dimension
of 120 mm X 65 mm X 3 mm were used in this study. The
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single-pass SFSW was performed on a commercial fric-
tion stir welding equipment (FSW-LMAM16-2D) with a
tool rotation speed of 250 rpm and a tool traverse speed of
50 mm/min. To avoid the welded defects, the stirring tool
was tilted at an angle of 2° in a backward direction rela-
tive to the normal direction (ND). The stirring tool applied
in this work was made of W-Re alloy and consisted of a
concave shoulder with 12 mm in diameter and a conical pin
with 2.5 mm in length and increasing diameters in the range
of 3-6 mm. In the SFSW process, the forced cooling was
carried out by the water with 25 °C in a water tank (Fig. 1).
During SFSW, a K-type thermocouple was used to measure
the temperature in the SZ center.

The macrostructure of the cross-section of the SFSW
joint was characterized by an optical microscope. The micro-
structure of the SFSW joint was analyzed using a scanning
electron microscope (SEM, Gemini SEM 300) equipped
with an OXFORD EBSD system. To observe the EBSD, the
specimens were mechanically polished with abrasive paper
and then electropolished to remove the residual stress on the
surface. The electrolytic polishing was performed with 10%
perchloric acid and 90% acetic acid, and the EBSD was con-
ducted at a 0.11 pm step and a 20 keV voltage. The inverse
pole figure, polar figure, high and low angle grain bounda-
ries, and dislocation density distribution were analyzed
by Channel 5 software. Vickers microhardness was tested
with an automatic microhardness tester (HXD-1000TM) at
intervals of 0.5 mm on the cross-section of the joint, with a
load of 200 g and a 15 s holding duration time. The tensile
testing was conducted on a servohydraulic fatigue testing
system (Instron 8801) at room temperature with an initial
strain rate of 1.0x 107 s™! according to the standard of
GB/T 228.1-2010. Non-proportional tensile specimens were
used to evaluate the tensile properties. The dog bone-shaped
tensile specimens with a gauge dimension of 20 x4 x 2 mm?
and the local tensile specimens with a gauge dimension of
4x2x2 mm?® were cut perpendicular to welding direction
(WD). Each specimen was repeated at least three times to
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Fig. 1 Schematic diagram of SFSW

ensure the accuracy of the data. After the tensile test, the
fracture surface was observed by SEM.

2.2 Finite element method

To analyze the temperature field, strain field, and material
flow behavior during the SFSW process, the detailed evolu-
tions of these characteristics were simulated by the commer-
cial Deform-3D™ software. The stirring tool was considered
to be a rigid part, and a constant value with a shear friction
coefficient of 0.7 was used between the tool and the plate.
A mesh window was adopted to refine the mesh in the tool
path direction, while the rest of the workpiece maintained
a coarse size. The minimum mesh size was 0.2 and 0.4 mm
for the refined zone and undeformed zone, respectively, and
the total number of hexagonal elements for the whole plate
was ~ 160,000. The thermal convection coefficient of the
Ti-15-3 alloy plate was 15 N/s/mm/°C, and the heat transfer
coefficient between the tool and the Ti-15-3 alloy plate was
11 N/s/mm/°C. To ensure the accuracy of the simulation,
the size of the stirring tool and welding parameters used in
simulated were consistent with the experimental process.

3 Results
3.1 Microstructure

Figure 2 shows the microstructure and the pole figures (PFs)
of BM. The black and white lines in EBSD images rep-
resent high-angle grain boundaries (HAGBs, > 15°) and
low-angle grain boundaries (LAGBs, 2°-15°), respectively.
Heterogeneous grain sizes were found in BM at an average
of ~650 pm. Meanwhile, it can be seen that a amount of
LAGBs was distributed at the coarse grain boundaries with
the proportion of 74%. Moreover, one can notice that the BM
presented a pronounced grain orientation, which had been
confirmed from a roughly-scanning EBSD mapping with the
area of 8 mm? (not shown here).

Figure 3 shows the cross-section of the SFSW joint.
There were no holes and cracks in SZ, indicating that the
sound Ti-15-3 alloy joints were successfully prepared by
SFSW. An obvious “basin-shaped” morphology appeared
in SZ, and it almost symmetrical along the welding center,
which implied a similar material flow behavior appeared on
AS and RS.

To further study the microstructure evolutions of the
joint during SFSW, the detailed microstructure on the
TMAZ adjacent to RS (red rectangle in Fig. 3) was char-
acterized in Fig. 4. Three significant regions were observed
according to grain morphology. Region 1 was SZ, where
fine equiaxed grains were uniformly distributed, with an
average grain size of 1.5 pm. The zone adjacent to the BM
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Fig.2 a EBSD images and b
corresponding (101) and (111)
pole figures of BM

Fig.3 Macrostructure of the
SFSW joints
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Fig.4 a EBSD images of the TMAZ adjacent to the RS. b, ¢ Magnifications of zones marked by the rectangles in a. d Misorientation angles

versus distance along the lines marked in b and ¢

was the TMAZ, which could be divided into Region 2 and
Region 3. In Region 2, the coarse grains were elongated
with a large number of “chain-like” fine grains distributed
around the coarse grain boundaries. This was because the
Region 2 was subjected to severe shear and extrusion caused
by the stirring tool, and the coarse grains were mechani-
cally elongated. Hence the internal storage energy of the

@ Springer

deformed grains was increased, which promoted the DDRX,
resulting in a large number of fine grains distributed around
the elongated grains (blue arrows in Fig. 4c) [26]. This
was because the low stacking fault energy of Ti-15-3 alloy
contributed to DDRX. Different from Region 2, Region
3 retained some coarse grains, and a large number of fine
grains appeared near the original coarse grains. Actually,
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Region 2 and Region 3 were nearly composed of a coarse
grain. During SFSW, the coarse grain suffered from severe
deformation, which led to a large number of LAGBs aggre-
gating inside the grains. The accumulated dislocations, as a
result, increased the misorientation angles of the LAGBs and
made them gradually transferred into HAGBs, as seen the
discontinuous HAGBs noted by black arrows in Fig. 4a—c.
This process was a typical CDRX [27]. Figure 4d shows the
corresponding misorientation angle distribution of L1-L5
in Fig. 4b, c. The misorientation angles of L1, L3, and L4
were measured to be greater than 15°, and the misorientation
angles of L2 and L5 were slightly less than 15°, which also
demonstrated that LAGBs were transformed into HAGBs.
It was noteworthy that the LAGBs were more likely to be
aggregated at the original grain boundaries of coarse grains
than the interior of the grains, and as a result, the occurrence
of CDRX and grain refinement occurred preferentially and
significantly at grain boundaries (Fig. 4b). This was attrib-
uted to the fact that when subjected to the shear of the tool,
the dislocations inside the grains tended to slip and climb
rapidly and then accumulated at the grain boundaries, which
was benefit for the formation of LAGBs at the original grain
boundaries of BM and induced the occurrence of CDRX.
Therefore, CDRX and DDRX were the main DRX mecha-
nisms in TMAZ.

To study the microstructure evolution of SZ, the differ-
ent positions within SZ were characterized by EBSD, as

indicated in Fig. 5. It was evident that the fully fine and
equiaxed grains were uniformly distributed at the top, mid-
dle, and bottom of SZ, while the grains were elongated at AS
and RS. In addition, the LAGBs were evenly distributed in
the SZ without noticeable aggregation, and the majority of
the grains were segmented by LAGBs. Moreover, fine DRX
grains appeared at the triple junction of grain boundaries
in each zone (black rectangle in Fig. Sb—f). Meanwhile, the
pronounced nucleation of subgrains appeared inside some
grains (White rectangle in Fig. 5b—f). The above results indi-
cated that three different CDRX behaviors occurred simul-
taneously in SZ during SFSW.

Furthermore, the proportion of LAGBs was more than
70% in BM and TMAZ, and significantly decreased to less
than 40% in SZ. Especially the proportion of misorientation
angle at the range of at 4°-13° in TMAZ was higher than in
other zones (Fig. 6a), which was due to the low heat input
and strain rate in TMAZ. During SFSW, the coarse grain in
TMAZ was deformed and elongated, and then the disloca-
tions were entangled and rapidly transformed into LAGBs.
However, the low heat input and strain rate restrained the
transformation, thus remaining a high proportion of LAGBs
and high dislocation density in TMAZ (Fig. 6b, c¢). Moreo-
ver, a similar proportion of LAGBs in different positions
of SZ indicated that the degree of CDRX in these positions
was comparable (Fig. 6b). The similar geometric necessary
dislocation density (GND) and grain size in each zone of SZ

Fig.5 a EBSD observations within the SZ; b—f EBSD images obtained from top, center, and bottom of SZ center, and RS and AS of SZ, respec-

tively; g legend of EBSD images
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Fig.6 a Misorientation angles
distribution; b Proportion

of high angle and low angle
boundaries; ¢ dislocation
density, d average grain size,
and e average Taylor factors in
different positions within FSW
joints
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also confirmed the above results (Fig. 6¢, d). Furthermore,
the average Taylor factor was similar in each position of SZ,
and it was slightly smaller than BM and larger than TMAZ
(Fig. 6e). Compared with the BM, the grains were refined
significantly due to the DRX during SFSW, decreasing from
650 pm to less than 10 pm (Figs. 2a and 6d). Particularly, the
average grain size of SZ was even reduced to 2 pm, which
was smaller than the Ti-15-3 alloy joints prepared by the
conventional FSW in the air using the same parameters [23].
In summary, the fine and uniform microstructure of SZ can
be achieved by SFSW.

It was reported that the material flow was extremely com-
plicated in SZ during the SFSW, but it could be simplified
to simple shear deformation [28]. Conventionally, the shear
texture is defined in terms of the crystallographic plane
{hkl} and direction {uvw) parallel to the shear plane and
shear direction (SD), respectively (Fig. 7). The correspond-
ing polar figures have a reference frame where the shear

@ Springer

BM TMAZ Top Center Bottom RS

BM TMAZ Top Center Bottom RS

AS

plane normal (SPN) is vertical and the SD is horizontal. It
was reported that the shear plane within SZ was parallel with
the surface of a truncated cone formed around the pin. Mean-
while, the diameter of the shear plane in the top and bottom
of SZ was close to the diameter of the tool shoulder and the
pin, respectively [29]. In this work, the angle between the
SPN and ND was ~21° and ~20° on the AS/TMAZ bor-
der and RS/TMAZ border, respectively. Note that SD was
generally considered to align with a circle of the horizontal
section of the truncated cone. In light of this, the SD was
parallel to transverse direction (TD) in SZ center and paral-
lel with WD in the AS/TMAZ and RS/TMAZ borders. In
fact, it was difficult to acquire the extremity positions of AS/
TMAZ and RS/TMAZ borders. Hence tiny angles occurred
between SD and WD in AS/TMAZ and RS/TMAZ borders.
As shown in Fig. 7, the angles were ~ 12° and ~ 13° between
SD and WD in the AS/TMAZ border and RS/TMAZ. border,
respectively.
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Fig.7 Schematic illustration of
SPN and SD for each position e T
within the SZ ~

N

The texture evolution within SZ can be discussed by the
corresponding (101) polar figures in Fig. 8. These polar fig-
ures have a reference frame in which the ND is vertical and
the TD is horizontal, the same as that in the EBSD micro-
graphs. Based on the abovementioned, the original (101)
polar figures at the top, center, and bottom of SZ should
rotate ~20° around TD to align the SPN with the conven-
tional reference frame of simple shear texture. The rotated
polar figures (not shown here) showed the characteristic
poles close to but still slightly deviated from the ideal sim-
ple shear texture component of the BCC metals as Fig. 8f.
Therefore, these polar figures needed to be further adjusted
to well match the ideal simple shear texture (Fig. 8a—c).
From the top to the bottom of the plate along the thickness
direction, the rotation angles of the polar figures around
WD gradually increased, indicating that the material flowed
from the root of the pin to the top during the SFSW [30].
Similarly, the original (101) polar figures of the AS and RS
needed to rotate ~21° and 20° around TD, and then rotate
~12° and ~20° around ND, respectively, to make the SPN
vertical and the SD horizontal. Similar with the SZ center,
the polar figures of RS and AS also needed to be further
adjusted, as shown in Fig. 8d, e. The rotated polar figures

showed that all the examined positions in SZ were consistent
with {110} (uvw) and {hkl1}{111) ideal simple shear tex-
tures. The dominant shear texture component was D,(1 15)
[111] in the top, center, and bottom of SZ center, while that
of AS and RS was Dl(ﬁ2)[1 11]. Mironov et al. [22] thought
the predominant shear texture component was J(110)[112] in
SZ for the FSW Ti-15-3 joints, while Liu et al. [23] reported
that the D,(1 12)[111] component was the main component in
the whole SZ. These results were not match well the results
of this study, which might be caused by the different SFSW
parameters and the shape of the stirring pin [30]. It was
worthwhile highlighting that the shear texture components
of AS and RS were the same within SZ, which indicated the
same material flow behavior on the AS and RS. This was
because the SDs of AS and RS were almost parallel. The
symmetry of the cross-sectional morphology along the SZ
center in Fig. 3 also reflected this result.

3.2 Temperature, strain, and velocity simulation
by finite element method

To explain the microstructure evolution behavior of the
SFSW joint, the temperature, strain, and velocity of material

Fig.8 a—e Original and final
rotated (101) polar figures

of top, center, and bottom of
SZ-center, and RS and AS of
SZ, respectively; f ideal simple
shear texture components of
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flow were characterized by numerical simulation. It was
recognized from temperature profile in Fig. 9a, b that the
peak temperature reached 791-808 °C and distributed at
the AS within SZ. Meanwhile, the temperature of the SZ
dropped sharply due to the forced cooling of water, which
was different from conventional FSW [31]. In TMAZ, the
temperature was ~ 380 °C on RS, and it was slightly high on
AS (~480 °C). This phenomenon was consistent with the
result reported by Wu et al. [19]. At present, most previous
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works analyzed the temperature field through a cross-section
of the joint randomly. However, the welding speed actually
can be divided into rotation speed component and the for-
ward speed component, hence the temperature field was
dynamically changed during the SFSW. In this work, point
tracking method was used to capture the temperature at dif-
ferent positions of SZ. The distance between two adjacent
points along ND and TD was 0.25 mm and 0.5 mm, respec-
tively. The peak temperature distribution in SZ is shown
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in Fig. 9b. It could be concluded that the peak temperature
of SZ gradually decreased from the upper surface to the
bottom of the plate, and the peak temperature on AS was
higher than that of RS. In addition, the predicted temperature
curve agreed well with the measured value, and the peak
temperature (~550 °C) in the SZ center was lower than the
fB-transus temperature (~ 760 °C) of Ti-15-3 alloy (Fig. 9c).
These results suggested that the simulated temperature field
was reliable in this study. Similar to the temperature field
distribution, the strain on the AS was higher than on the RS
within SZ, and the maximum strain appeared at the AS near
the upper surface of the plate (Fig. 9d, e). The strain also
decreased gradually from the upper surface to the bottom
of the plate, signifying that the displacement of the mate-
rial at the tool root was larger than that at the tool tip. Singh
et al. [21] also reported a similar result. To study the texture
evolution behavior of SZ, the flow velocity of materials at
different positions of SZ was characterized (Fig. 9f). The
material flow velocity of AS was larger than RS, and the
maximum velocity was ~55 mm/s, which appeared on the
AS near the upper surface of the plate. This high material
flow velocity made the strain rate reach 64 s~! on SZ center,
and the maximum strain rate reached ~93 s™! on the whole
SZ (Supplementary 1). During the SFSW process, the mate-
rial flowed rapidly in SZ and formed an ideal shear texture
due to the coupled of high temperature and high strain rate
of plastic deformation. Generally, a high temperature and
strain would promote the DRX, thus lowering the texture
intensity. In the present study, the degree of DRX in different
positions of SZ was similar (Fig. 6a—d). Theoretically, the
texture intensity was almost similar in the whole SZ. How-
ever, along the tool root to the tip, the temperature, strain,
and texture intensity gradually decreased (Figs. 8 and 9).

This result indicated that the temperature and strain were
proportional to the texture intensity when the temperature
and strain exceeded the critical value required for DRX. In
addition, the higher texture intensity of AS than RS also
confirmed this result (Fig. 8). It was worth noting that the
temperature of the top zone was much higher than RS in
SZ, however, the strain and the texture intensity of the two
positions was similar (Figs. 8§ and 9e), which indicated that
strain was the main factor determining the texture intensity.
According to Fig. 9e, the strain on RS was higher than bot-
tom zone in SZ, and the texture intensity of RS was also
higher than bottom zone in SZ (Fig. 8c, d). Therefore, a
high strain would improve the texture intensity. The detailed
reason needs to be further investigated in the future work.

3.3 Mechanical properties

Figure 10a shows the distribution of microhardness along
the TD-ND plane of the SFSW joint. There was no obvious
softening zone in the whole joint, and the average micro-
hardness distribution of SZ, TMAZ, and BM was uniform,
which was 281 HV, 270 HV, and 279 HV, respectively. The
average microhardness of SZ and TMAZ of the SFSW joint
was higher than the Ti-15-3 joint prepared using conven-
tional FSW by Liu et al. [23], which was mainly attributed to
the fine-grained strengthening (Fig. 5). As the severe plastic
deformation significantly refined the grain size of SZ during
SFSW, according to the Hall-Petch relationship, the micro-
hardness of SZ should be higher than that of BM in theory.
However, a clear texture occurred in BM, which made up for
the lack of fine-grained strengthening, triggering the similar
microhardness values between BM and SZ.

Fig. 10 a Distribution of micro- (a)
hardness along the TD-ND = Unit: HV 244
plane; b engineering stress— — =] - 251
strain curves; ¢ average SF in g 25 N 3 Q@ g d]) 258
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Generally speaking, the more uniform the microhard-
ness distribution of SFSW joints, the better the coordinated
deformation of each zone of the joint, and the optimal match
of strength and plasticity for the entire joint. To evaluate
the tensile properties of the SFSW joints, the engineering
stress—strain curves of BM, SFSW joints, and SZ specimens
were shown in Fig. 10b. The yield strength (YS), ultimate
tensile strength (UTS), and elongation (EL) of BM were
829 MPa, 848 MPa, and 4.5%, respectively. The YS, UTS,
and EL of SFSW joints were 800 MPa, 816 MPa, and 5.6%,
respectively, reaching 96.5%, 96.2%, and 124% of BM. The
SFESW joint failed at the RS of the TMAZ, mainly due to the
strong soft orientation and the large grain size difference of
the TMAZ (Figs. 3a and 10c). Generally, the TMAZ was
limited and the tensile properties were difficult to evaluate.
In this work, the SFSW joint fractured at the TMAZ, thus the
tensile properties of the SFSW joint were equal to the tensile
properties of the TMAZ. In addition, the tensile properties of
SZ were also characterized (Fig. 11b). The YS, UTS, and EL
of SZ reached 103%, 101%, and 467% of BM, respectively,
mainly due to the fine-grained strengthening of SZ. Gupta
et al. [32] reported that there was a relationship between
UTS and Vickers microhardness: UTS (MPa)~3 xHV (Kgf/
mmz) in aluminum matrix composite. In this work, the aver-
age microhardness distribution of SZ, TMAZ, and BM was
281 HV, 270 HV, and 279 HV, respectively. Therefore, the
UTS of SZ, TMAZ, and BM was approximately 843 MPa,
810 MPa, and 837 MPa, which agreed well with the experi-
mental values in Fig. 10b. Above results indicate that the
relationship is also applicable to Ti-15-3 alloy. Recently,
Wang et al. [33, 34] reported that the tensile strength of

solid-state welded joints is higher than that of fusion weld-
ing. In this work, the UTS of the SFSW joint was 11% higher
than that of the joint welded by gas tungsten arc welding [1].
In summary, SFSW can prepare Ti-15-3 alloy joints with
excellent performance and uniformity.

Figure 11 shows the tensile fracture morphology of BM,
SFSW joint, and SZ specimens. A large number of dimples
and a small number of micropores were distributed in the
fracture surface of BM. The existence of micropores was
because BM was forged insufficiently, so that a small num-
ber of as-cast defects were retained (Fig. 11a). Thereafter,
these defects were easily prone to causing stress concen-
tration during the tensile test, thus showing brittle fracture
characteristics. Therefore, the fracture mechanism of BM
was a ductile-brittle mixed fracture. Differently, the TMAZ
and SZ specimens showed ductile fracture characteristics.
The micropores in the fracture surface disappeared, and
very fine dimples were distributed on the fractures. Note
that the necking of SZ was more serious than that of TMAZ,
and the distribution of dimples was more uniform. These
results indicated that SZ had better plasticity than TMAZ.
The results were consistent with the above engineering
stress—strain curves.

4 Discussion
4.1 Microstructural evolution in TMAZ and SZ

Usually, temperature and strain rate are the dominant fac-
tors affecting DRX. The peak temperature and strain rate

S Micropore

SFSW joint SZ
(c) I — :

Fig. 11 Fracture surface of the a, b BM, ¢, d FSW joints, and e, f SZ
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reached ~ 550 °C and ~ 64 s~! in the SZ center (Fig. 9c and
Supplementary 1), respectively, which provided a positive
condition for CDRX. Comparatively, a relatively low tem-
perature (380—480 °C) and strain rate (~ 10 s~ occurred
in TMAZ (Fig. 9a and Supplementary 1), thus the grains
exhibited fiber elongated and equiaxed morphology, show-
ing CDRX and DDRX characteristics (Fig. 4). Mironov et al.
[22] and Liu et al. [23] pointed out that the DDRX was the
main grain refinement mechanism in TMAZ due to the low
stacking fault energy for Ti-15-3 alloy. This result was differ-
ent from this work, which may be because the low heat input
of SFSW weakened the mobility of dislocations, making
dislocations accumulation and climbing to form discontinu-
ous HAGBs, showing CDRX characteristics (Fig. 4). Note
that both CDRX and DDRX have a grain refinement effect
on the final microstructure.

In this work, three kinds of different CDRX behaviors
occurred in SZ. (I) the severe plastic deformation caused
by stirring tool broke the coarse grains, and the dislocations
preferentially entangled at the triple-junction of grain bound-
aries through sliding and climbing to form LAGBs (white
arrow in Fig. 12b). Subsequently, the LAGBs continuously

Fig. 12 a Kernel average mis-
orientation of the center in SZ;
b the enlarged rectangle in a
and c the corresponding inverse
polar figure; d the polar figure
in the Region 1 in ¢

absorbed dislocations to increase the misorientation angle,
which then transformed into HAGBs and formed equiaxed
recrystallized grains. Note that the equiaxed recrystallized
grains could separate the original grains by rotating (Region
1 in Fig. 12). However, Heidarzadeh et al. [35] believed that
this behavior occurred through DDRX rather than CDRX.
They reported that a pronounced strain gradient occurred
due to the difference in storage energy between deformed
grains and substructure grains, and the large strain gradient
led the grains to migrate from low dislocation density toward
high dislocation density, and the nucleus was separated by
LAGBs. According to their point of view, the recrystallized
Grain 3 of Region 1 in Fig. 12b belonged to the grain bound-
ary migration process of Grain 2, and the migration direction
towards Grain 1. However, the misorientation angle of Grain
3 increased significantly (Fig. 12b), and Grain 3 and Grain 2
exhibited different orientations in Fig. 12d, which indicated
that the Grain 3 was not transformed by the grain bound-
ary migration of Grain 2. In summary, the CDRX process
(D) proposed in this study was reasonable. (II) When the
coarse grains of BM were broken up by the stirring tool,
dislocations were entangled in the grains to form LAGBs
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and transformed into HAGBs through dynamic recovery.
As the misorientation angle of HAGBs gradually increased,
the subgrains were formed. Finally, the original grains were
divided by the rotation of subgrains (Region 2 in Fig. 12).
Similar results were obtained by Singh et al. [21]. (IIT) The
LAGBs formed in the SFSW process directly divided the
original grains, and then the LAGBs gradually transformed
into discontinuous HAGBs by absorbing the dislocations.
Subsequently, these discontinuous HAGBs aggregated to
form fine equiaxed DRX grains (Region 3 in Fig. 12). It
was worth noting that when the LAGBs divided the grains
in process (III), they might be transformed into subgrains,
and refined the grains through process (II).

Kim et al. [20] and Singh et al. [21] showed that the main
grain refinement mechanisms in SZ were CDRX and DDRX
during FSW pure Ti/TC4 alloy process. Usually, CDRX
appeared in the early stage of deformation, while DDRX
required large strain and sufficient high heat input, there-
fore, it usually occurred in the late stage of deformation.
In this work, the forced cooling effect of water caused the
temperature to drop rapidly in SZ (Fig. 9a), which could not
provide sufficient heat input for DRX. Therefore, the grain
refinement mechanism was CDRX in SZ. In addition, the
Taylor factor can be utilized to discuss the DRX behaviors.
A zone with a relatively high level of the Taylor factor was
less likely to nucleate via a DDRX because sufficient resto-
ration in the grain was required to initiate mobility for the
HAGBs [16]. Xie et al. [36] reported that a minimum value
of the Taylor factor was essential for the nucleation of new
grains via DDRX, but at the same time, the value should
not exceed the threshold limit. For the AZ31 Mg alloys, the
threshold limit value was 3.1 during hot compression test-
ing. In this work, the average Taylor factors were similar at
different positions within SZ, and these values were slightly
smaller than that of BM (3.24) but slightly larger than that
of TMAZ (2.71) (Fig. 6e). Moreover, the CDRX occurred
in SZ, while the CDRX and DDRX occurred in TMAZ.
Therefore, the threshold limit value of the average Taylor
factor for occurring DDRX of Ti-15-3 alloy was between
2.71 and 2.78.

4.2 Relationship between microstructure
and mechanical properties of the joint

The peak temperature in the SZ center was ~ 550 °C, which
was significantly lower than the p-transus temperature of
Ti-15-3 alloy (~760 °C). This result was in good accordance
the microstructure, where no lamellar a + 8 phase in Fig. 5.
For the SFSW joint, the main factors affecting its mechanical
properties were fine-grained strengthening, strain strength-
ening, and texture strengthening. At present, the classical
Hall-Petch relationship was a wide method for describ-
ing the relationship between YS and grain size of metals.

@ Springer

Recently, Jiang et al. [37] established a novel Hall-Petch
relationship according to a data-driven machine learning
method. The model is shown in Eq. (1).

o, =T9W/(S*\/1) + 1.24/yE/1,d™** (1

where o, is the YS, W is cohesive energy (~8.5 eV [38]), S
is valence electron distance (~1.61 nm [39]), /, is the lin-
ear thermal expansion (lt:%sz), G is the shear modulus
(~23.8 GPa [40]), b is the burgers vector (~0.28 nm), y is
the grain boundary interface energy (~990 mJ/m? [41]), E
is Young’s modulus (~ 77 GPa [42]), and d is the average
grain size. According to Eq. (1), the contribution of grain
size to YS is 180 MPa, 297 MPa, and 446 MPa, respectively,
for BM, TMAZ, and SZ. Therefore, the order of fine grain
strengthening of the SFSW joint is: BM < TMAZ < SZ.

Usually, dislocation strengthening included GND
strengthening and statistical storage dislocation strengthen-
ing. Cui et al. [43] found that GND strengthening accounted
for more than 90% of dislocation strengthening, which indi-
cated that GND strengthening played a leading role in the
SFSW joint. Zhu et al. [44] also confirmed the results. The
strength increment (Aoyp) caused by GND can be calcu-
lated by Eq. (2).

Ao cyp = MaGbp'/? )

where M is the Taylor factor, and « is a constant (It is related
to dislocation structure. Here the value is 0.23). The disloca-
tion density (p) was calculated by the average misorienta-
tions angles according to Eq. (3).

20,
ub

p= 3)
where 60, represents the average misorientations, and u
is the step size. The GND density was similar for differ-
ent positions within SZ, which indicated a uniform DRX
occurred in SZ (Fig. 6¢). The similar HAGBs proportions
and grain sizes also proved to this result (Fig. 6b, d). Accord-
ing to Eq. (2), the contribution of GND to YS is 133 MPa,
127 MPa, and 114 MPa, respectively, for BM, TMAZ, and
SZ. Hence the order of GND strengthening of the SFSW
joint is: SZ<BM < TMAZ.

Last, the texture strengthening (o,) can be determined
according to Eq. (4).

T
o= 4)

where 7, is the critical shear stress (~ 129 MPa [45]), and m
is the Schmidt factor. The contribution of texture intensity
to YS is 349 MPa, 275 MPa, and 293 MPa, respectively, for
BM, TMAZ, and SZ. The order of GND strengthening of
the SFSW joint is: TMAZ < SZ <BM.
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Although the contributions of various strengthening
mechanisms in different zones were different for the SFSW
joint, the main strengthening mechanism of TMAZ and SZ
was fine-grained strengthening. In addition, the calculated
values (662 MPa and 699 MPa) of BM and TMAZ were
smaller than the measured values (829 MPa and 800 MPa),
while the calculated strength (854 MPa) of SZ was almost
the same as the measured value (853 MPa). This was
because the large difference in the grain size distribution
increased the calculated errors in BM and TMAZ [46]. In
summary, the YS and UTS of the BM, TMAZ, and SZ were
relatively similar, which indicated it was an effective method
to prepare a uniform and high-performance Ti-15-3 alloy
joint through SFSW.

5 Conclusion

In this work, the Ti-15-3 alloy joints were successfully
prepared via SFSW. The detailed microstructure evolution
and mechanical properties of the SFSW joints were stud-
ied according to the experimental results and finite element
simulation. The main conclusions are as follows:

(1) During SFSW, the peak temperature of TMAZ and
SZ reached ~480 °C and ~ 808 °C, and the maximum
strain rate reached ~ 10 s~! and ~93 s™!, respectively.
The high temperature and large strain rate promoted the
DRX, which refined the grain size of TMAZ and SZ to
less than 10 pm. The main grain refinement mechanism
of TMAZ was CDRX and DDRX, while that of SZ
was CDRX. The threshold limit value of the average
Taylor factor for occurring DDRX of Ti-15-3 alloy was
between 2.71 and 2.78.

(2) The complex materials flow of SZ could be simplified
as ideal shear deformation during SFSW. The shear tex-
tures components at the top, center, and bottom of SZ
were D,(1 12)[111], while that of AS and RS within SZ
was D, (1 15)[1 11]. The same shear texture components
at AS and RS within SZ indicated the same material
flow behavior occurred at these two positions. Further-
more, a large strain would be conducive to improving
the texture intensity.

(3) A relative uniform microhardness distribution was
observed across the SFSW joint, and the average micro-
hardness value was 281 HV, 270 HV, and 279 HV in
SZ, TMAZ, and BM, respectively. The YS, UTS, and
EL of the SFSW joint were 800 MPa, 816 MPa, and
5.6%, reaching that of 96.5%, 96.2%, and 124% of BM,
respectively. Meanwhile, the YS, UTS, and EL in SZ
reached 103%, 101%, and 467% of BM. Note that the
UTS and microhardness of each zone of the SFSW joint

meet the following relationship: UTS (MPa)~3 x HV
(Kgf/mmz).
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